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9.1  Introduction
Individual organisms within extant species, including cephalopods (Boyle and 
Boletzky 1996), vary morphologically (size, shape, colour), physiologically, behav-
iorally, and demographically (Wagner 2000). This was no different for ammonoids, 
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which are well-known for intraspecific variation in conch shape, ornamentation, 
ontogeny, size, as well as the morphology of the suture line (e.g., Westermann 1966; 
Kennedy and Cobban 1976; Tintant 1980; Dagys and Weitschat 1993a, b; Kak-
abadze 2004; Bersac and Bert 2012a, b; De Baets et al. 2013a; Bert 2013). Some 
specimens of a species were large, others were smaller at maturity; some specimens 
of a species were more involutely coiled and less densely ribbed, while others were 
more loosely coiled and more coarsely ribbed. Intraspecific variation also occurs 
in the shape or position of the suture line (e.g., Yacobucci and Manship 2011) or 
in dextral or sinistral coiling of the conch (e.g., Matsunaga et al. 2008) as seen in 
extant gastropods. Ammonoids might also have differed intraspecifically in colour 
patterns (e.g., Mapes and Sneck 1987; Bardhan et al. 1993; see also Mapes and 
Larson 2015), buccal mass (Davis et al. 1996; Keupp 2000; Keupp and Mitta 2013; 
compare Kruta et al. 2015) or other characteristics which are rarely or not preserved 
at all such as soft-tissues (Klug et al. 2012) or other peculiar structures (Landman 
et al. 2012). We will herein focus on intraspecific variation in shell shape, ornamen-
tation and size, as well as spacing and shape of the septa (suture lines), for which 
more data are available.
Mollusks in general and ammonoids in particular are known to display a some-
times profound morphological intraspecific variability of their shell. Although this 
phenomenon is of greatest importance, it has rarely been investigated and quantified 
in large samples adequately. Studies of intraspecific variability in ammonoids have 
focused on coiled Mesozoic ammonoids, while Mesozoic heteromorphs (Kakabadze 
2004; Bert 2013) and Paleozoic ammonoids (Kaplan 1999; Korn and Klug 2007; 
De Baets et al. 2013a) have been comparatively less investigated. Not properly tak-
ing intraspecific variability into account mostly leads to taxonomic oversplitting 
(or lumping) and thus not only significantly biases taxonomy and diversity counts, 
but also biostratigraphic, evolutionary and paleobiogeographic studies (e.g., Ken-
nedy and Cobban 1976; Tintant 1980; Dzik 1985, 1990a; Hughes and Labandeira 
1995; Nardin et al. 2005; Korn and Klug 2007; De Baets et al. 2013a, b; Bert 2013; 
compare Sect. 9.5), particularly if the authors have very different principles when 
defining species between certain timeframes or regions. Geographic variation might 
also lead to specimens of a single biological species being erroneously assigned to 
different morphospecies based on differences in shell morphology, ornamentation 
and/or size (e.g., Kennedy and Cobban 1976; Courville and Thierry 1993).
More importantly, heritable (genetic) variation is believed to be the raw mate-
rial for evolution and natural selection (e.g., essays by Charles Darwin and Arthur 
Wallace compiled in De Beer 1958; Mayr 1963; Hallgrimmson and Hall 2005; Hunt 
2007). This makes the mode and range of intraspecific differences interesting with 
respect to their genetic heritability. They are of ecological and evolutionary interest 
in terms of the environmental influences that shape them, both non-genetically in 
the present and genetically over an evolutionary time scale (Wagner 2000). It is, 
however, hard to separate heritable phenotypic variation from variation resulting 
from a plastic response to the environment (Urdy et al. 2010a), especially in extinct 
groups. For instance, a large part of the intraspecific variability in shelled mollusks 
could be caused by differences in growth rates (Urdy et al. 2010a) and development 
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(Courville and Crônier 2003, 2005). This could also explain certain recurrent pat-
terns in intraspecific variation in the shells of ammonoids and other mollusks with 
coiled shells (e.g., Dommergues et al. 1989; Urdy et al. 2010b, 2013; Urdy 2015). 
Extant cephalopods can comprise a high intraspecific variability, particularly in 
their variable size-at-age, which can be related to intrinsic as well as extrinsic (en-
vironmental) factors (Boyle and Boletzky 1996; compare De Baets et al. 2015a; 
Keupp and Hoffmann 2015 for pathologies affecting growth).
The main goal of this chapter is to review the main types of intraspecific varia-
tion reported in shell shape, ornamentation, suture line and adult size within and 
between ammonoid populations and how they might have been shaped by develop-
ment and the environment. Additionally, we briefly review the main methods that 
can be used to quantitatively study intraspecific variation. For this purpose, we 
focus on studies that have specifically dealt with intraspecific variation as well as 
more general studies that have discussed particular patterns of intraspecific varia-
tion, including case studies from the literature and our own studies ranging from 
Devonian to Cretaceous ammonoids. Before doing this, we will set up the main 
terminology used to study intraspecific variation and possible sources of variation 
between and within fossil populations, including those not related to intraspecific 
variation, which might bias the results of studies on intraspecific variation in fossil 
samples.
9.2  Definitions
Here, we define some commonly used terms related to variation within and between 
populations of the same species, which are ubiquitous in extant species. This is gen-
erally referred to as intraspecific or phenotypic variation, sometimes as “Individual 
variability” (Darwin 1859) or occasionally somewhat confusingly as phenotypic 
“polymorphism” (e.g., Fusco and Minelli 2010; see below for a stricter definition of 
polymorphism). Phenotypic variation results from both genetic and environmental 
factors. Traditionally, evolution is assumed to consist of (genetic) changes in popu-
lations over time (Tintant 1980), making it the central goal of biology to understand 
the complex interactions that mediate the translation from genotype (the genetic 
make-up or precise genetic constitution of an organism: Lawrence 2000) to pheno-
type (the visible or otherwise measurable physical and biochemical characteristics 
of an organism, resulting from the interaction of the genotype and the environment: 
Lawrence 2000). Phenotypic variability is closely related to phenotypic variation 
and is defined as the potential or tendency of an organism (e.g., a species) to vary 
(Wagner and Altenberg 1996). This means that variation can be documented as a se-
ries of static observations within a sample—each observation representing a single 
instance of the many phenotypic expressions resulting from interactions of genetic 
and environmental factors—while variability can be seen as a more abstract view 
of the range or distribution of potential variation, which comprises all possible out-
comes, realized or not (Willmore et al. 2007). Note, that analyzing variation in fossil 
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samples or “populations” is even more complex than in extant populations, because 
differences between specimens can relate to other factors than intraspecific varia-
tion (Tintant 1980; discussed in Sect. 9.3).
Intraspecific variation in certain characters of a species can be continuous (e.g., 
following a unimodal Gaussian distribution) and/or discontinuous such as polymor-
phism. Polymorphism is traditionally defined as the occurrence together in the same 
habitat of two or more distinct forms of a species in such proportions that the rarest 
of them cannot be maintained merely by recurrent mutation (Ford 1955, 1965). Ac-
cording to the definition of Ford (1940, 1945, 1955, 1965), this excludes geographic 
and seasonal forms as well as continuous variation falling within a curve of normal 
distribution. Mayr (1963) introduced the term polyphenism to distinguish environ-
mentally induced phenotypic variation (“the occurrence of several phenotypes in a 
population, the differences between which are not the result of genetic differences”; 
Mayr 1963, p. 670) from genetically controlled phenotypic variation or genetic 
polymorphism. Although Mayr (1963) specifically included both continuous and 
discontinuous variation, the term polyphenism is often restricted to refer to two 
or more distinct phenotypes produced by the same genotype (e.g., Simpson et al. 
2011), which would make polyphenism a particular case of phenotypic plasticity 
(West-Eberhard 2003). The term polyphenism has occasionally also been used for 
ammonoids (e.g., Reyment 2003, 2004), sometimes interchangeably with polymor-
phism (Parent 1998; Parent et al. 2008). The switch between forms is believed to be 
environmental in polyphenism (e.g., Fusco and Minelli 2010), while the switch is 
believed to be “almost always” genetic in (genetic) polymorphism (Ford 1966; this 
should not be confused with the use of the same terminology by molecular biolo-
gists for certain point mutations in the genotype, which do not necessarily corre-
late with recognizable phenotypic effects: Fusco and Minelli 2010). In ammonoids, 
polymorphism has been traditionally used to refer to two or more discrete coexist-
ing forms within the same fossil population (Tintant 1980; Davis et al. 1996 and 
references therein; Klug et al. 2015), although others have used it more generally 
to include also continuous variation (e.g., Beznosov and Mitta 1995). We suggest 
using the term polymorphism only to refer to discontinuous variation in ammonoids 
to avoid confusion and to be in line with its most common use. We will therefore use 
polymorphism here to refer to discontinuous intraspecies variation without inter-
preting a potential genetic or environmental switch between these forms or variants, 
although in some cases (like sexual dimorphism) a genetic mechanism is obvious 
(at least in cephalopods).
Polymorphism or polyphenism should not be confused with polytypism. The 
latter term refers to the presence of geographically or ecologically isolated popula-
tions within a species, which differ morphologically (Tintant 1980). It is not un-
common that the mode and range of intraspecific variation varies between different 
samples or populations depending on the environment (ecophenotypic variation) or 
region (geographic variation). Phenotypic variation that is attributable to environ-
mental variation is referred to as ecophenotypic variation (Foote and Miller 2007). 
The tendency of a single genotype to produce different phenotypes depending on 
environment gradients is known as phenotypic plasticity (Lawrence 2000). West-
Eberhard (1989) defined it differently as the ability of a single genotype to produce 
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more than one alternative form of morphology, physiological state, and/or behavior 
in response to environmental conditions; both definitions are hard to verify in the 
fossil record. All these types of variation might also have occurred in ammonoids, 
but their study is hampered by the difference between biological populations and 
fossil populations, which are affected by various taphonomic and collection biases, 
as well as various other factors, discussed in more detail in the Sect. 9.3.
9.3  Sources of Variation within and between Fossil 
Populations
Measurements of individuals of the same species within and between fossil popula-
tions (separated in time and/or space) can show variations that can not only be as-
sociated with intraspecific or phenotypic variation (which includes ecophenotypic 
variation and geographic variation), but also with ontogenetic variation, phyloge-
netic variation, taphonomic biases (including post-mortem transport and distortion, 
time-averaging and differences in preservation), taxonomic uncertainty, and simple 
measurement errors, particularly in the case of small size (compare Tintant 1980; 
Stephen and Stanton 2002; Foote and Miller 2007; Bert 2013; De Baets et al. 2012, 
2013a, 2015b).
Individual organisms of the same species can vary in their phenotype, result-
ing from the interaction of its genotype and the environment. More precisely, the 
features of individual organisms result from developmental processes, which are 
influenced by environmental conditions as well as its genetic make-up. Intraspe-
cific variation refers to the variation within a species at a comparable ontogenetic 
stage, age and/or size (Foote and Miller 2007). Changes in ontogeny and differ-
ences between sexes might also contribute to the variation of the overall popula-
tion. Ontogenetic variation is therefore factored out by studying specimens only 
at comparable ontogenetic stages or sizes (De Baets et al. 2013a). Traditionally, 
only a single set of measurements from “mature” specimens are used (so-called 
cross-sectional data by opposition to longitudinal data based on measurements of 
the same individuals at several developmental stages: compare Klingenberg 1996; 
Foote and Miller 2007), which are recognized by adult modifications. Studying the 
entire ontogeny, in the form of ontogenetic trajectories or changes in these measured 
characters through development might be more meaningful, particularly in taxa 
where the earlier ontogeny is more variable than the later ontogeny (e.g., De Baets 
et al. 2013a). This means that for each ontogenetic stage, a statistically significant 
number of measurements should ideally be available (> 30: compare Bert 2013; De 
Baets et al. 2013a; Sect. 9.9).
Sexual variation is sometimes factored out too by studying only specimens of 
the same sex (Foote and Miller 2007) or antidimorphs (Sect. 9.4.2). This might 
not always be advisable, e.g., when subjectively sorting out specimens based on 
size and subsequently testing for significant differences between them: compare 
Tintant (1980). Populations of a species can also vary in features between differ-
ent localities or regions (interpopulational variation), although it might be hard to 
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attribute this purely to geographic variation in the fossil population. Phylogenetic 
variation related to changes through time might also play a role, although it is hard 
to separate such variation from geographic variation without proper time constraints 
(Kennedy and Cobban 1976; Tintant 1980). Furthermore, fossil ammonoid popula-
tions might include specimens from different paleoenvironments, water depths and 
seasons depending on the environment as well as the degree of transport and time-
averaging; these are important factors, which should be considered when studying 
ecophenotypic and geographic variation.
These complications are related to the fact that fossil populations have passed 
through various taphonomic filters such as post-mortem transport, post-mortem 
distortion and time-averaging (Foote and Miller 2007). To avoid time-averaging 
(Fig. 9.1) as much as possible, populations are usually studied from a restricted 
stratigraphic interval, such as a single layer, horizon or preferentially a single con-
cretion or nodule (Reeside and Cobban 1960; Dzik 1990a; Dagys and Weitschat 
1993a, b; Fig. 9.2, 9.23); nevertheless, opinions vary in this respect and sometimes 
some compromises (pooling of samples resulting in “analytical time averaging”: 
compare Fürsich and Aberhan 1990) have to be made to have a sufficiently large 
sample for statistical analysis (Dzik 1990a; Bert 2013). Any estimate of population 
variability is potentially falsifiable by further studies on material collected from a 
narrower stratigraphic interval or different localities (Dzik 1990a). Note that even 
for fossils deriving from a single bed, there is little control over the time range of 
the specimens contained within this bed (Foote and Miller 2007). Ammonoid as-
semblages like all other shell assemblages (Olóriz 2000; Wani 2001)—even those 
contained within a single nodule—have typically undergone various amounts of 
taphonomic filters and time-averaging (Kidwell 2002), which, in modern shelf en-
vironments, might range between 100 and 10,000 years (Powell and Davies 1990; 
Kidwell and Bosence 1991; Flessa and Kowalewski 1994; Kidwell 1998; Wani 
2001; Kowalewski 2009). Short-term time-averaging (on the order of up to several 
thousand years) prevails in nearshore shallow environments, whilst long-term time-
averaging (in the order of 104 to 105 years) becomes more important towards lower 
shelf and deep sea environments (Fürsich and Aberhan 1990). However, some evi-
dence suggests that variances within fossil samples are not necessarily dominated 
by time-averaging (Tintant 1980; Hunt 2004a, b). Well-preserved specimens, par-
ticularly those with in situ buccal masses, as well as the lack of preferred orienta-
tion, size distribution and other biostratinomic data have been used to support lack 
of (strong) condensation or (long) transport (compare Wani and Gupta 2015). Not 
only animals that lived during different times, but also organisms coming from vari-
ous depths (i.e., living in different parts of the water column or at different seafloor 
depths) might be mixed within these assemblages, particularly in pelagic shell as-
semblages, which can also be related to post-mortem floating or transport of their 
shells. Taphonomic studies can be important to disentangle different post-mortem 
histories of shells within the same fossil sample and can also give information on 
the faunal succession (Fernández-López 1995, 2000; Wani and Gupta 2015). How-
ever, it is not generally true that less well-preserved shells are older—their preser-
vation mainly depends on how much time they spent on the sea bottom (or afloat) 
and the degree to which they were subjected to diagenesis during burial as well as 
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in which paleoenvironments they resided (e.g., Flessa et al. 1993). According to 
Tintant (1980), long-term time-averaging or condensation as well as reworking can 
even be seen in some quantitative analyses, which might reveal a distribution flatter 
than a normal distribution (e.g., platykurtic distribution due to considerable time-
averaging: Fig. 9.1) or a polymodal distribution (due to reworking).
 
Fig. 9.1  Schematic illustration of the effect of fossil mixing and/or analytical lumping on the 
observed phenotypic variance (modified from Hunt 2004a; with permission from the author). The 
variance of the time-averaged ( fossil) sample is greater than the variance of the individual popula-
tions representing five stages in the evolutionary sequence of an evolving lineage, which shows an 
almost steady decrease in a phenotypic trait over time. The density distribution of the fossil sample 
is also flatter (more platykurtic) than is ever observed in a single time slice
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Fossil ammonoids can be deformed and distorted by abrasion, compaction, dis-
solution and tectonic deformation, these processes represent an important obstacle 
to research on their variability. Depending on the degree of deformation, specimens 
can be retrodeformed to their original shape in many cases, but not necessarily 
their original dimensions (Blake 1878; Tan 1973; Rocha and Dias 2005; De Baets 
et al. 2013b; Yamaji and Maeda 2013). Studies of intraspecific variability have 
therefore preferentially used largely undeformed, three-dimensionally preserved 
specimens. Early diagenetic concretions are ideal to study intraspecific variation 
from this perspective (Reeside and Cobban 1960; Dzik 1990a; Dagys and Weitschat 
1993a, 1993b; Fig. 9.2). The appearance of ornamentation and measurements of the 
same parameters might differ between differentially preserved specimens (internal 
moulds vs. shell preservation). Furthermore, fossils can be extremely compacted 
in some lithologies, particularly in shales, which might lead to the increase of the 
whorl height and diameter as well as a decrease of whorl thickness and umbilical 
width (e.g., Morard 2004; De Baets et al. 2013b; Wani and Gupta 2015). These 
effects could even lead to the erection of endemic “species” restricted to certain 
lithologies (see De Baets et al. 2013b for such a case in the early Emsian ammonoid 
Ivoites). In such cases, it probably makes sense to correct for taphonomic processes 
in the most conservative way to avoid artificially inflating diversity (De Baets et al. 
2013b). Specimens from the same sample (with similar preservation) are generally 
deformed in the same way, so that the introduced systematic error might be less 
significant (Dzik 1985). More importantly, certain parameters such as rib count 
per half-whorl and diameter at mid-whorl height can be affected by differential 
compaction in different lithologies and thus, the material should be examined for 
such deformation prior to the beginning of data collection (De Baets et al. 2013b). 
Differential compaction might contribute to trends in increased whorl compression 
 
Fig. 9.2  The extensive range of intraspecific variation observed within Czekanowskites rieberi 
within a single carbonatic concretion from the Lower Anisian of Mount Tuaray-Khayata in Arctic 
Siberia (modified from Dagys and Weitschat 1993b; with permission from the author)
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from shallower environments with coarser sedimentation to deeper environments 
with finer sedimentation (Wilmsen and Mosavinia 2011; Bert 2013).
Additionally, variation might be related to false assignment of specimens to the 
same species, which depends on the objectivity and opinion of the scientists in-
volved. Authors explicitly or implicitly include a range of intraspecific variation 
in their definitions of taxa, which might artificially inflate (oversplitting, often the 
case in strict typological approaches: compare Sect. 9.5) or deflate diversity (lump-
ing). Oversplitting might occur when only a little well-preserved material is avail-
able with a precise age assignment and/or locality/region, while lumping occurs 
particularly when considering specimens from a wide range of stratigraphic ages 
and localities/regions to belong to the same taxon. If the entire range of variation oc-
curs at the same age and place, this might be a good indicator that they belong to one 
and the same species (Tintant 1980). The effects of lumping or oversplitting might 
be partially counteracted by randomly distributed new discoveries, revalidations 
and/or invalidations of species over time (compare Nardin et al. 2005). The variable 
interpretation of the range of intraspecific variation also affects the disparity (mor-
phological richness) recognized within a species (e.g., Courville and Crônier 2005). 
A study by Nardin et al. (2005) on Jurassic ammonoids demonstrated that extreme 
forms are often identified and named before intermediate forms (particularly for 
ornamentation, while shell geometry is often underused to define species). Such 
problems can only be resolved by quantitatively studying as many characters as 
possible in large samples, which can make it easier to recognize species (by finding 
significant differences in these characters) and their range of intraspecific variation. 
Each measurement or count carries with it a possibility of error (Van Valen 2005). 
Variation in measurements within a single sample might also be related to these 
measurements errors, which are usually estimated by repeated and independent 
measurements of the same specimens, or a randomly chosen appropriate subset of 
them (e.g., Bailey and Byrnes 1990; Van Valen 2005). In some cases, errors might 
be small enough to be neglected (Van Valen 2005), while in other cases, when the 
magnitude of the variable of interest is close to the measuring precision, they can 
blur (De Baets et al. 2013a) or even erase the original signal.
9.4  Types of Intraspecific Variation in Ammonoids
9.4.1  Continuous Variation
Most authors agree that continuous variation is recognized by a series of intercon-
nected morphologies in a restricted interval in time and space (Reeside and Cobban 
1960; Kennedy and Cobban 1976; Silberling and Nichols 1982; Dzik 1985, 1990a). 
Typically, all intermediate forms should be present and more common than extreme 
morphologies leading to a unimodal distribution. The best evidence for continuous 
intraspecific variation is often believed to be a unimodal, normal (Gaussian) dis-
tribution (Tintant 1980; Silberling and Nichols 1982; Dagys and Weitschat 1993b; 
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Weitschat 2008; Monnet et al. 2010). However, even in such cases, it cannot be 
entirely ruled out that such distributions contain various sympatric species (inhabit-
ing the same or overlapping geographic areas), which are inseparable based on their 
hard part anatomy alone (Tintant 1980; Dzik 1990a) and therefore cannot be picked 
up in the fossil record. For example, Dommergues et al. (2006) showed that in 
the extant gastropod Trivia the differences of the hard part anatomy (excluding the 
colour patterns) between such closely related species is insufficient to infer the ex-
istence of two separate sympatric species, masking the true underlying biodiversity. 
On the other hand, when the distribution is not normal or unimodal, it does not nec-
essarily mean that the specimens belong to different species either (Tintant 1980). 
Such a distribution could originate from environmental influences, taphonomic bi-
ases, sampling biases or the fact that the distribution is not of a Gaussian kind (for 
example in the case of discrete variation within a species such as dimorphism or 
non-sexual polymorphism: Klug et al. 2015).
Continuous variation has typically been analyzed from the perspectives of 
covariation among traits and development. Studies have focused particularly on 
strongly ornamented, coiled Mesozoic ammonoids, including taxa deriving from:
• the Triassic (e.g., Silberling 1956; Silberling and Nichols 1982; Dagys and 
Weitschat 1993a, b; Checa et al. 1996; Dagys et al. 1999; Dagys 2001; Monnet 
and Bucher 2005; Weitschat 2008; Monnet et al. 2010),
• the Jurassic (e.g., Tintant 1963, 1980; Westermann 1966; Sturani 1971; Howarth 
1973; Dzik 1985, 1990a; Westermann and Callomon 1988; Mitta 1990; Bhaumik 
et al. 1993; Beznosov and Mitta 1995; Guex et al. 2003; Courville and Crôni-
er 2005; Morard and Guex 2003; Bert 2004, 2009; Morard 2004, 2006; Zatoń 
2008; Chandler and Callomon 2009; Baudouin et al. 2011, 2012; Bersac and 
Bert 2012a, b),
• and the Cretaceous (e.g., Haas 1946; Reeside and Cobban 1960; Kennedy and 
Hancock 1970; Kennedy and Cobban 1976; Kennedy and Wright 1985; Meister 
1989; Kassab and Hamama 1991; Reyment and Kennedy 1991, 1998; Courville 
and Thierry 1993; Tanabe 1993; Aguirre-Urreta 1998; Courville and Crônier 
2005; Yacobucci 2004b; Wiese and Schulze 2005; Ploch 2007; Wilmsen and 
Mosavinia 2011; Bersac and Bert 2012a, b; Knauss and Yacobucci 2014).
These studies have demonstrated strong variations in shell shape (whorl cross sec-
tion, coiling) and ornamentation (strength, spacing). Many authors discussed a 
marked covariation between shell shape and strength of ornamentation and more 
rarely also with shape, frilling and spacing of the suture line (compare Sect. 9.3). 
One peculiar case of such covariation is often coined as Buckman’s rules of co-
variation (Westermann 1966; for further details, see Monnet et al. 2015a). Such 
covariations have also been reported above the species level between different taxa, 
both in the Paleozoic (Swan and Saunders 1987; Kaplan 1999) and Mesozoic (e.g., 
Yacobucci 2004a; Brayard and Escarguel 2013). It is, however, not obvious that 
this rule can be extended beyond intraspecific variation. Yacobucci (2004a), for ex-
ample, measured the variance of ornamentation and whorl shape within a number of 
ammonite genera and found that they do not correlate. Hammer and Bucher (2005) 
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attributed this to varying ratios of proportionality of Buckman’s law across species, 
which could potentially weaken the interspecific correlation between ornamentation 
and whorl shape (e.g., some species have stronger lateral ribs relative to shell width 
than others). Such exceptions might form a problem for studies that interpret such 
continuous Buckman’s type intraspecific variation within taxa based on limited ma-
terial (compare Monnet et al. 2008) or without properly quantitatively analyzing 
this intraspecific variation (e.g., Howarth 1973, 1978). One should remain cautious 
in such cases as discussed by Tintant (1976, 1980). Howarth (1973) studied Dactyli-
oceras from four distinct levels in the Lower Toarcian of Yorkshire and interpreted a 
large continuous variation (compare Morard 2004, 2006) between forms (classically 
attributed to Orthodactylites) with more evolute inner whorls, a compressed whorl 
section and weak ornamentation (thin ribs, often bifurcated and non-tuberculated) 
to forms (traditionally attributed to Kedonoceras and Nodicoeloceras) with more 
involute inner whorls, a depressed whorl section and strong ornamentation (thick, 
more widely spaced ribs with tubercles) in earlier ontogeny. Tintant (1976, 1980) 
investigated a French sample of Dactylioceras from the first level and reported 
both a marked dimorphism and possible non-sexual polymorphism in the form of 
the coexistence of forms with compressed inner whorls without lateral tubercles 
(morphotype “Orthodactylites clevelandicum”) and forms with a depressed whorl 
section and lateral tubercles (morphotype “Nodicoeloceras acanthum”). Interest-
ingly, Tintant (1976, 1980) reported that the whorl width index (whorl width/ whorl 
height) is strongly bimodal below 50 mm, but in later growth stages, the forms be-
come progressively more similar, resulting in remarkably similar final body cham-
bers. All intermediates are available between these forms, but the extreme forms 
appear to be most abundant and the intermediate forms the least abundant. Tintant 
(1980) suggested that this might indicate polymorphism or even the presence of 
two species with similar evolutionary trends and convergence in their adult body 
chambers (compare Monnet et al. 2015b). However, Tintant’s (1976, 1980) analy-
ses were preliminary and more detailed analyses of the evolutionary history and in-
traspecific variability of these groups are necessary to corroborate such hypotheses. 
Furthermore, the influence of potential environmental differences (e.g., Wilmsen 
and Mosavinia 2011) as well as taphonomic and sampling biases also needs to be 
considered (compare Sect. 9.3).
Continuous variation has been studied less in larger samples of Paleozoic ammo-
noids (e.g., Kaplan 1999; Korn and Vöhringer 2004; Ebbighausen and Korn 2007; 
Korn and Klug 2007; De Baets et al. 2013a). Korn and Klug (2007) reported a large 
variation in several conch parameters in Manticoceras throughout the ontogeny of 
a single specimen (ontogenetic variation) as well as at the same size between dif-
ferent specimens (e.g., intraspecific variation). This variation in Manticoceras had 
already been noticed by Clarke (1899) but it was largely ignored by subsequent au-
thors, resulting in a plethora of species and genera with (small) differences in conch 
shape, but comparable suture lines and ornamentation, thus making the genus a kind 
of waste basket taxon (Korn and Klug 2007). In some cases, intraspecific variation 
consistent with Buckman’s first law of covariation might also be present in Paleo-
zoic ammonoids (e.g., Kaplan 1999; De Baets et al. 2013a).
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In Mesozoic taxa showing this covariation, a remarkable range of intraspecific 
variation in ornamentation still remains in forms with the same shell morphology 
and size (Morard and Guex 2003). Wiese and Schulze (2005) reported a marked 
variation in the umbilical width of Neolobites vibrayeanus from a funnel-like deep-
ening to a well-developed umbilicus reaching 18 % of the diameter, which did not 
show a covariation with either the ribbing strength or the degree of inflation. The 
range and mode of intraspecific variation might also depend on shell morpholo-
gy, particularly the degree of coiling (De Baets et al. 2013a). Such hypotheses are 
best tested by comparing closely related and/or contemporary species with differ-
ent shell morphologies. Dagys (2001, p. 546) stated that the range and degree of 
covariation decreased towards taxa with very involute subcadiconic shells on the 
one hand and increased with most evolute platyconic shells on the other hand. This 
observation illustrates that the mode and range of interspecific correlation between 
ornamentation and whorl shape might depend on shell morphology (cf. Ubukata 
et al. 2008). Tanabe and Shigeta (1987) studied the intraspecific variation of whorl 
thickness (S) and distance of the venter from the coiling axis (D) at the same growth 
stage in cross-sections of Cretaceous ammonoids. This variation was the high-
est in heavily ornamented (e.g., Acanthocerataceae) and heteromorph forms (e.g. 
Scaphitaceae), intermediate in finely ribbed platycones (Lytocerataceae) and the 
smallest in weakly ribbed, heavily streamlined involute-compressed morphotypes 
( Hypophylloceras, Placenticeras and most Desmocerataceae) in the small samples 
of Cretaceous ammonoids they investigated. Further studies on larger samples are 
necessary to further corroborate these results and rule out the potential interference 
of ornamentation on measurements of these parameters in cross sections (which 
could introduce apparent variation which is not actually there).
Heteromorph ammonoids might be particularly useful for testing such hypothe-
ses. Many authors have acknowledged high intraspecific variability in heteromorph 
ammonoids (e.g., Egojan 1969; Rawson 1975a, b; Dietl 1978; Ropolo 1995; Dela-
noy 1997; Wiedmann and Dieni 1968; Wiedmann 1969; Kennedy 1972; reviewed 
in Kakabadze 2004; De Baets et al. 2013a, b; Bert 2013), maybe even more than in 
normally coiled planispiral ammonoids (Dietl 1978; Kakabadze 2004). However, 
besides studies on Scaphites (reviewed in Landman et al. 2010; Knauss and Yaco-
bucci 2014), which only uncoils at the end of ontogeny, intraspecific variation has 
been only rarely studied in numerically large samples and/or quantitatively in het-
eromorphs with openly coiled and/or trochospirally coiled whorls (Aguirre-Urreta 
and Riccardi 1988; Dietl 1978; Ropolo 1995; Delanoy 1997; De Baets et al. 2013a; 
Bert 2013). This lack of research might be due to their fragmentary preservation 
(De Baets et al. 2013a) and difficulties in quantifying some of their shell characters 
using traditional morphometrics and classical “Raupian” parameters (Tsujino et al. 
2003; Parent et al. 2009, 2011; Bookstein and Ward 2013).
Dimorphism is also known from several Mesozoic (Jurassic and Cretaceous) 
heteromorphs (see reviews in Delanoy et al. 1995; Davis et al. 1996). In some cases, 
however, continuous variation in shell and/or ornamentation is present, which could 
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potentially be confused with dimorphism in studies using small samples and/or lack-
ing quantitative analyses (compare Ropolo 1995). Dietl (1978) reported intraspe-
cific variation in planispiral to trochospiral coiling in the Jurassic genus Spiroceras 
without a clear correlation with strength of ornamentation and any ornamental or 
thickness influence of the whorl section. Delanoy (1997) reported continuous varia-
tion from the Cretaceous ammonoid Heteroceras emerici (Fig. 9.3) between a pole 
with heterocone coiling ( imericum morphology: large turricone and no planispiral 
part of the shell before the shaft) and a pole with colchicone coiling ( leenhardtii 
morphology: small turricone preceding a substantial planispiral portion before the 
shaft) interconnected by all intermediates (e.g., the tardieui and emerici morpholo-
gies). Similar variation has also been reported from Imerites (Bert et al. 2011).
De Baets et al. (2013a) reported that in the Early Devonian, loosely coiled Er-
benoceras, the more coarsely ornamented specimens are also those with the thick-
est whorl section. This fits with the redefinition by Hammer and Bucher (2005) of 
Buckman’s First Law of Covariation (Monnet et al. 2015a). However, the coiling 
shows an opposite covariation with ornamentation to that seen in coiled Mesozoic 
morphs and some heteromorph forms, as the more tightly coiled conchs are the 
most heavily ornamented forms instead of the most loosely coiled forms. The cor-
relation of ribbing strength with coiling might be indirect because covariation be-
tween whorl shape and coiling geometry are also known from weakly ornamented 
to smooth or unornamented coiled taxa such as from some Lytoceratina and Phyl-
loceratina (Joly 2003; Morard 2004). Joly (2003) reported that “less-thick shells 
have an elliptic section and the thickest shells have an oval section”. Ubukata et al. 
(2008) also attributed part of the covariation with constructional linkage between 
whorl shape and coiling geometry. The rule specifically refers to strength of orna-
mentation, but usually the spacing of ribs is used as this is more readily available 
and less affected by preservation and preparation (e.g., Yacobucci 2004a; De Baets 
et al. 2013a; Monnet et al. 2015a). Bert (2013) reported that ornament strength did 
not correlate perfectly with rib density in Gassendiceras, which he attributed to the 
large distance between ribs in this taxon, thus leaving more room for strength varia-
Fig. 9.3  Range of intraspecific variation observed in the coiling and ornamentation of the Late 
Barremian heteromorph Heteroceras emerici (after Delanoy 1997; modified from Bert 2013)
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tion without changing their spacing (compare Bert 2013). The lack of correlation 
of ornamentation with coiling in some species of Crioceratites (Ropolo 1995; Bert 
2013; Fig. 9.4) could potentially also be related to differences in growth between 
Crioceratites, characterized by a “discontinuous” mode of growth as documented 
in their megastriae as well as constrictions on the one hand, and other ammonoids 
with a “differential” mode of growth on the other hand (e.g., Bucher 1997, p. 98). 
Things are further complicated by the fact that such a correlation might be present 
in more primitive species like C. loryi (Bert 2013), although this still needs to be 
quantitatively investigated.
Continuous intraspecific variation usually ranges between two extreme mor-
phologies, but some authors have reported more complex patterns of intraspecific 
variation between three or more morphological poles in shell shape and/or orna-
mentation (Rieber 1973; Vermeulen 2002; Bert 2009, 2013: review in the latter; 
Courville 2011). Bert (2013) quantitatively studied the intraspecific variation in 
Cretaceous Gassendiceras alpinum and reported continuous intraspecific variation 
between three poles: (1) robust specimens characterized by a depressed whorl sec-
tion and strong ornamentation, (2) more traditional gracile or slender specimens 
characterized by a finer ornamentation and compressed whorl section and (3) spec-
imens characterized by a depressed whorl section and non-robust ornamentation 
(Fig. 9.5a). All poles are connected by intermediates. Interestingly, Bert (2009) re-
ported an inversed pattern in Tornquistes (Jurassic; Fig. 9.5c), which is character-
ized by morphological poles with a thin whorl section and respectively thin and ro-
bust ornamentation, and a morphological pole with a thick whorl section and weak 
ornamentation. The whorl section can be differently affected by compaction, which 
could blur the relationship between the whorl section thickness and the strength of 
ornamentation, but it cannot explain all aspects of tripolar patterns of intraspecific 
variation in these taxa (Bert 2013). Similar patterns were reported from the Pul-
chellidae (Vermeulen 2002; Fig. 9.5b) and the Kosmoceratidae (Courville 2011).
Rieber (1973) reported continuous variation between four extreme poles ranging 
from unornamented or smooth forms to forms with ribs and/or tubercles in Repossia 
acutenodosa (Triassic) from a single bed (Fig. 9.6), although the relationship be-
tween shell shape and ornamentation was not discussed and no quantitative analysis 
was performed.
Fig. 9.4  Range of intraspecific variation observed in the coiling of the Hauterivian heteromorph 
Crioceratites. (after Ropolo 1995; modified from Bert 2013)
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Other authors have used relative shifts in development (i.e., heterochronies of 
the development), which have often been used in the context of ontogeny/phyloge-
ny relationships, to describe intraspecific morphological variations (Schmidt 1926; 
Dommergues et al. 1986; Meister 1989; Mitta 1990; Beznosov and Mitta 1995; 
Courville and Crônier 2003; Bersac and Bert 2012a, b; Bert 2013; also dimorphism: 
Neige et al. 1997a; Fig. 7, 8a). In some cases, specimens might even omit entire 
Fig. 9.5  Tripolar intraspecific variation observed in Gassendiceras (Late Barremian), Pulchelli-
dae (Barremian) and Tornquistes (Middle Oxfordian) (modified from Bert 2013)
 
Fig. 9.6  Intraspecific variation reported in Repossia acutenodosa (Anisian) between four extreme 
poles of ornamentation (modified from Rieber 1973) 
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ontogenetic stages during development (e.g., in Placenticeras: compare Klinger 
and Kennedy 1989; Bert 2013). According to Mitta (1990), Michalsky (1890) was 
one of the first to notice this phenomenon of different rates of shell morphogenesis 
in individuals of the same species within Volgian ammonoids. Schmidt (1926) in-
terpreted a similar phenomenon in Carboniferous ammonoids and introduced the 
terms bradymorphic (in terms of heterochronies: paedomorphic) and tachymorphic 
(in terms of heterchronies: peramorphic) to refer to the extreme end members of 
these series within a species, which possess characteristics of earlier whorls later in 
development or which possess characteristics of later stages of development earlier, 
respectively (Beznosov and Mitta 1995). Beznosov and Mitta (1995) defined these 
terms (see Fig. 9.7) in the following way: “In the tachymorphic forms, the shell or 
separate elements of it (the sculpture, crosssectional shape, width of the umbilicus, 
angle of inclination of the umbilical wall) even at small diameters have already 
taken on an appearance usually typical of a later stage of development. In the brad-
ymorphic individuals the shell for a long time retains features typical of a younger 
individual. Brady- and tachymorphy are most clearly manifested in the duration of 
one or another stage of development of the sculpture, the extreme representatives 
of the variation series (typical bradymorphs and typical tachymorphs) often differ-
ing so strongly that, if the collections do not contain “normal” (or normomorphic) 
forms, they may be described as different species, although they occur at the same 
stratigraphic level.” Such intraspecific differences in development have been re-
ported in particular from large samples of Jurassic (Dommergues et al. 1986; Mitta 
1990; Baudouin et al. 2011, 2012; Fig. 9.7) and Cretaceous ammonoids (Meister 
1989; Courville and Crônier 2003; Bersac and Bert 2012a, b; Bert 2013; Fig. 9.8a). 
It was interpreted to be a dominant factor in the variability of Nigericeras gadeni 
(Courville and Crônier 2003) and Vascoceras (Meister 1989) of the Cenomanian 
of Nigeria, while in other taxa like the Middle Liassic Aegoceras capricornus, it 
was only a residual factor (Dommergues et al. 1986, Fig. 6). In some taxa such as 
Deshayesitidae (Bersac and Bert 2012a, b; Fig. 9.8a), Gassendiceras (Bert 2013), as 
well as Streblites and Taramelliceras (Baudouin et al. 2011), this type of variation 
was also reported to be combined with variation following Buckman’s first law of 
covariation between whorl section and ornamentation.
 
Fig. 9.7  Range of intraspecific variation in timing of ontogenetic development observed in Vir-
gatites pusillus (Tithonian; modified from Mitta 1990; with permission from the author); from left 
to right: a bradymorphic, a normomorphic and a tachymorphic individual
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Not all types of intraspecific variation relate to covariation between shell shape 
and ornamentation or relative shifts in development. Bersac and Bert (2012a, b; 
Fig. 9.8b) reported intraspecific variation in the relative timing of ornamentation 
attenuation in the Aptian Deshayesitidae (another classical example of oversplit-
ting), which was independent of Buckman’s type covariation between shell shape 
and ornamentation as well as a heterochronic shift in development (which were also 
present), as they cut across the entire range of morphologies associated with these 
intraspecific patterns. This type of variation might also play a role in other taxa 
(Bert 2013) such as the Douvilleiceratidae, particularly the genus Douvilleiceras 
(Courville and Lebrun 2010), or in the genus Vascoceras (Courville 1993). In the 
former genus, disappearance of ornamentation may occur from medium diameters 
irrespective of the type of morphology (ranging from slender forms with weak or-
namentation to the hyper-ornamented robust forms).The two approaches to study-
ing intraspecific variation might also be unifiable as several authors have reported 
links between differences in rates and shifts in development on the one hand and 
shell morphology on the other hand. Some authors have interpreted the presence of 
gracile “peramorphic” forms (thin whorl section, almost smooth) to robust “pae-
domorphic” forms (thick whorl section, strong ornament) linked by all intermedi-
ates in the same species (Courville and Crônier 2003; Baudouin et al. 2011, 2012; 
Bersac and Bert 2012; Bert 2013). In other taxa such as Streblites weinlandi, the 
Fig. 9.8  Types of intraspecific variation differing from the first Buckman’s Law of covariation 
observed within the Deshayesitidae (Early Cretaceous; after Bersac and Bert 2012a, b; modified 
from Bert 2013)
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relationship might however be reversed, with the most slender specimens being 
the most paedomorphic (Baudouin et al. 2011, 2012). Others have tried to explain 
the covariation of the suture line and shell shape from a developmental perspective 
(Hammer and Bucher 2006).
9.4.2  Discontinuous Variation
The most accepted pattern of discontinuous intraspecific variation in ammonoids is 
dimorphism (Makowski 1962; Callomon 1963; Tintant 1963; Westermann 1964), 
which is often interpreted to represent the two sexes (Lehmann 1981; Delanoy et al. 
1995; Davis et al. 1996). Such dimorphism is supported by having overlapping 
stratigraphic and geographic distributions as well as distinct ratios within a popula-
tion. This dimorphism is thought to result typically in a bimodal signal in adult size 
and/or morphology in later ontogeny (e.g., Palframan 1966, 1967; Ploch 2003; Zatoń 
2008; Fig. 9.9). However, the presence of two morphs within an ammonoid species 
 
Fig. 9.9  Continuous intraspecific variation combined with marked dimorphism in later ontog-
eny within Morrisiceras morrisi (Bathonian; modified from Zatoń 2008; with permission of the 
author). Note the similar early ontogeny of both antidimorphs, but marked bimodal differences in 
adult morphology and size between the microconch and macroconch. Both the microconch and 
macroconch show a continuous variation in whorl cross section at similar sizes
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does not necessarily reflect sexual dimorphism (e.g., Reyment 1988), particularly 
when no clear differences can be found in later ontogeny or pre-adult forms are 
more dissimilar than adult forms (e.g., Tintant 1980; Davis et al. 1996). Addition-
ally, interpretations of dimorphism within taxa might differ between authors (e.g., 
Brochwicz-Lewinski and Rózak 1976). Dimorphism is discussed in further detail in 
Klug et al. 2015. In some cases, more than two discrete forms in adult size within a 
species have been reported (e.g., Ivanov 1971a, 1975; Matyja 1986, 1994; compare 
(Sect. 9.7)), which might be related to differences in rate and length of develop-
ment. Furthermore, sometimes multiple morphs might be present in one or both of 
the sexes (Sonny Walton 2014, personal communication). Several authors studying 
homogenous and synchronous populations of Jurassic ammonoids have noted the 
presence of morphologically similar groups only distinguishable with the presence 
or absence of certain characters (Tintant 1963, 1976; Tintant 1980; Contini et al. 
1984; Atrops and Mélendez 1993; Meléndez and Fontana 1993; Davis et al. 1996; 
Bardhan et al. 2010), particularly in ornamentation (presence of one or two rows 
of lateral tubercles, trifurcation vs. single and biplicate ribs, presence or absence of 
parabolic ribs, etc.). Interestingly, this variation can occur independently of sexual 
dimorphism as it affects both macroconchs and microconchs of these taxa in the 
same way (Tintant 1963, 1976, 1980; Charpy and Thierry 1976). A classic example 
is Kosmoceras (Tintant 1963, 1976, 1980), which possesses “a clear sexual dimor-
phism with a microconch bearing mature modifications” (Davis et al. 1996, p. 501). 
For a long time, two genera or subgenera were distinguished only differing in the 
presence of one (“Zugokosmoceras”) or two rows of lateral tubercles ( Kosmoc-
eras) in contemporaneous populations. If no intermediate morphologies are found, 
it would be more conservative to interpret these as separate taxa, but some authors 
have argued that such forms should be interpreted as cases of intraspecific poly-
morphism, when these two groups display parallel, evolutionary changes or trends 
(Tintant 1980; Atrops and Meléndez 1993) in other characters. Such assertions of 
evolutionary trends (Monnet et al. 2015b) in these characters still have to hold to 
novel statistical methods which can analytically support the presence of evolution-
ary trends (Hunt 2006; Monnet et al. 2011a) and test how parallel evolutionary (or 
ontogenetic) trajectories really are (Adams and Collyer 2009, Collyer and Adams 
2013; applied to ammonoids in Monnet et al. 2011a; De Baets et al. 2013a). Tintant 
(1963, 1976) has supported his claims not only by the study of numerous popula-
tions, but also with the discovery of a pathological macroconch displaying a “Zugo-
kosmoceras” pattern on one side and a “Kosmoceras” pattern on the opposite side. 
Reports of polymorphism are not restricted to ornamentation, but might also occur 
in shell morphology, particularly shell thickness (Fig. 9.10).
Several authors have reported the presence of discontinuous variation in whorl 
section thickness in some Jurassic ammonoid taxa (Charpy and Thierry 1976; 
Marchand 1976; Tintant 1980; Contini et al. 1984; Fig. 9.10). In some cases, the 
two forms are more similar in morphology at the end of the ontogeny, as discussed 
by Tintant (1976, 1980). Nevertheless, such discontinuous distributions might also 
be related to differences in paleoenvironments, taphonomic and collection biases 
(temporal and spatial mixing), and sample sizes (Tintant 1980; Wilmsen and Mo-
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Fig. 9.10  Possible cases of discontinuous intraspecific variation interpreted as non-polymorphism 
in Jurassic ammonoids (redrawn from Contini et al. 1984): A sample of microconch specimens of 
Macrocephalites ( Upper Callovian, Gracilis Zone, Michalskii sub-zone of Arino, Spain) inter-
preted to be three different morphs of a single species, which were previously interpreted to belong 
to three different subgenera and species: Dolikephalites gracilis (compressed shell with narrow 
umbilicus and fine ribbing), Kamptokephalites herveyi (round section with intermediate umbilicus 
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savinia 2011; De Baets et al. 2013a). As evidenced by Wilmsen and Mosavinia 
(2011), variation in a trait might be discontinuous even in taxa at some localities/
paleoenvironments showing otherwise continuous variation. This might depend on 
paleoenvironmental conditions, further stressing the need to study intra- and inter-
population variation in ammonoids to further elaborate these patterns (Tintant 1980; 
Callomon 1988; Sect. 9.8).
Polymorphism in ornamentation and/or whorl thickness has also been reported 
from Cretaceous ammonoids (e.g., Hirano 1978, 1979; Reyment 1988; Kassab and 
Hamama 1991; Gangopadhyay and Bardhan 2007), although it is not always clear 
whether it reflects sexual dimorphism or could even be part of a more continu-
ous variation. In Upper Cretaceous ammonoids, dimorphism is recognized in most 
families, especially based on differences in size and only occasionally on mature 
modifications, and intraspecific variation is important though of unequal proportion 
between some groups (Kennedy and Wright 1985). Various authors have described 
the presence of polymorphism (two or more variants) recognizable in whorl thick-
ness, coiling and/or ornamentation in Carboniferous ammonoids (McCaleb et al. 
1964; McCaleb and Furnish 1964; Furnish and Knapp 1966; McCaleb 1968), which 
is reminiscent of continuous variation in Mesozoic coiled ammonoids, particularly 
the covariation of ornamentation with coiling and whorl shape. Davis et al. (1996) 
raised doubts about these Carboniferous accounts because of the presence of in-
termediates between these morphs, particularly as in some cases the forms seem 
to differ more in juvenile stages than in the adult stage (Davis et al. 1996; but they 
might still represent cases of non-sexual polymorphism according to Tintant 1980). 
Tintant (1980) has also discussed the possibility of non-sexual polymorphism in 
whorl width index and ornamentation in Dactylioceras (Jurassic), which varies less 
in early ontogeny than in late ontogeny. At least in some cases (e.g., Arkanites), 
as evidenced by Stephen et al. (2002), these Paleozoic morphs might be indistin-
guishable in juvenile stages and then later on during ontogeny show a bimodal 
distribution in shell parameters, which might indicate sexual dimorphism (compare 
Davis et al. 1996; Sarti 1999; Fig. 9.9). Nevertheless, large differences in adult size 
and mature modifications of the aperture used to recognize sexual dimorphism in 
Jurassic ammonoids seem to be absent in Paleozoic forms (e.g., Davis et al. 1996; 
compare Makowski 1962, 1991). The different nature of this dimorphism does not 
necessarily speak against it being of a sexual nature, as in some cases, there is little 
differences in size (or morphology) between sexes in extant cephalopods (e.g., for 
and strong ribbing) and Pleurocephalites folliformis (depressed shell with large umbilicus and very 
strong ribbing); B sample with distinct morphologies of Pachyceras lalandeanum ( Upper Callo-
vian, Lamberti Zone of Villers-sur-Mer, Calvados, France; ordered from compressed to depressed 
section) interpreted as intraspecific polymorphism, which were previously considered to belong 
to three distinct species and two different genera ( P. lalandeanum, P. crassum, Pachyerymnoceras 
jarryi); C sample with distinct morphologies of Quenstedtoceras ( Upper Callovian Lamberti zone, 
Lamberti subzone of Magny-les-Villers, Champs Mollous, Côte-dÓr, France), which were previ-
ously described as three different (sub)genera and species: Q. ( Lamberticeras) lamberti with a 
compressed section, Quenstedtoceras ( Eboraciceras) ordinarium with an intermediate section and 
Quenstedtoceras ( Sutherlandiceras) carinatum with a depressed section (modified from Contini 
et al. 1984)
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Nautilus: Ward 1987; for squids: Zuev 1971). Other possible reports of polymor-
phism in Paleozoic ammonoids or intraspecific variation (Kant 1973a, b; 1975; Da-
vis et al. 1996, p. 490–491) are dubious because of the low sample size and the fact 
that specimens described as one species are now known to belong to multiple taxa 
(Dieter Korn 2013, personal communication).
It is not uncommon to see discontinuous shape and ornament within a species, 
including mollusks, alongside more continuously expressed variations in size, 
shape or ornament (Reyment and Kennedy 1991). Continuous variation in shell 
shape, ornamentation and/or suture line can be combined with dimorphism and/
or non-sexual polymorphism within the same species (e.g., Jurassic: Tintant 1963; 
Westermann 1966; Zatoń 2008; Chandler and Callomon 2009; Cretaceous: Ploch 
2003; Landman et al. 2010). Sexual dimorphism might also be associated with non-
sexual polymorphism as discussed by Charpy and Thierry (1976), Tintant (1963, 
1976, 1980) and reviewed by Contini et al. (1984) for several Middle Jurassic am-
monoids, although it is unclear if all these cases represent discontinuous variation. 
In other cases, no evidence is found for the presence of dimorphism (or polymor-
phism) associated with continuous variation (Reeside and Cobban 1960; Dagys and 
Weitschat 1993b; Monnet et al. 2010; De Baets et al. 2013a; but compare Sarti 
1999), which might speak for the absence of polymorphism (at least in shell mor-
phology) in these ammonoids showing more continuous variation.
In the Triassic, low sample size has often led to confusion of dimorphism with 
continuous variation (e.g., Dzik 1990b vs. Monnet et al. 2010 for Acrochordiceras; 
Lehmann 1990). De Baets et al. (2013a) suspected dimorphism in Early Devonian 
Erbenoceras, but could not find evidence for it in a quantitative analysis of a larger 
sample (82 specimens). They found a bimodal size distribution, but the lower peak 
was not associated with adult modifications. Furthermore, morphs of both modes 
overlapped in several characters and already differed throughout earlier ontogeny, 
suggesting the presence of continuous variation rather than (sexual) dimorphism. 
Clearly more studies are necessary on intraspecific variability in several time inter-
vals to fully understand the relative contribution of different types of continuous and 
discontinuous intraspecific variation (including dimorphism and polymorphism) in 
ammonoids. Such knowledge can only be achieved by quantitative studies on nu-
merically large populations of precisely known geological ages derived from a wide 
variety of ages, paleoenvironmental or geographic areas, taxa and shell morpholo-
gies (cf. Tintant 1980; Davis et al. 1996). At the moment, it appears therefore most 
reasonable to assign co-occurring specimens to different species when no evidence 
is available for continuous variation with unimodal distribution or discontinuous 
variation in the form of morphs that evolve in parallel and/or co-occur with similar 
early ontogeny and/or later ontogeny, particularly in the Paleozoic. This interpreta-
tion might, however, change when additional material becomes available.
9.4.3  Variation in the Suture Line
While numerous studies have focused on intraspecific variability of shell shape and 
ornamentation, variation in the suture line has been less studied, particularly from 
3819 Ammonoid Intraspecific Variability
a quantitative point of view. We herein discuss some intraspecific factors of suture 
line and septal variability.
The development of the suture line not only varies throughout ontogeny (Klug 
and Hoffmann 2015; Fig. 9.11) or on both sides of the plane of symmetry (asym-
metry) within the same specimen (compare Klug and Hoffmann 2015; De Baets 
et al. 2015a), but can also vary between specimens of the same species at similar 
diameters (intrapopulational or intraspecific variation: e.g., Seilacher 1973; Dagys 
2001; Fig. 9.11). Despite the common, perhaps over-emphasized use of the suture 
for taxonomic purposes (Arkell 1957), intraspecific variation in the suture line is 
only rarely studied quantitatively (Manship 2004, 2008; Waggoner 2006; Yacobucci 
and Manship 2011). Suture intraspecific variability appears to be particularly large 
in Jurassic and Cretaceous pseudoceratites (Arkell 1957) and heteromorphs (Kak-
abadze 2004). According to Arkell (1957), variation is the greatest among regressive 
types in which the suture line is secondarily simplified (e.g., in Jurassic and Creta-
ceous “pseudoceratites”). The suture line is also quite variable in several Mesozoic 
heteromorphs and might therefore be of little help for taxonomy (Kakabadze 2004), 
particularly at lower taxonomic levels (e.g., Hoffmann et al. 2009). Differences in 
suture line between specimens of the same species at a similar diameter have been 
related to differences in whorl shape (e.g., Arkell 1957; Reeside and Cobban 1960), 
ornamentation (e.g., Casey 1961; Westermann 1966) and/or ontogenetic develop-
ment (e.g., Hammer and Bucher 2006), but they might also be more random (e.g., 
no clear correlation with other properties of the shell or ontogeny).
A marked variation of the suture line with whorl shape has been long known 
(e.g., Pictet 1854; Zittel 1885; Pfaff 1911; Spath 1919; Arkell 1957; Seilacher 1988; 
Klug and Hoffmann 2015), which manifests itself through the ontogeny of the same 
specimen or the evolution of taxa through time (reviewed by Monnet et al. 2011a). 
The phenomenon has been particularly discussed on large taxonomic scales, when 
Fig. 9.11  Intrapopulation variation in the last whorl and sutures ( left) and ontogenetic variation in 
the development of the suture line through ontogeny ( right) in Tuaroceras rieberi from the Lower 
Anisian (modified form Dagys 2001)
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comparing taxa with different shell shapes (e.g., Westermann 1971; Ward 1980; Sei-
lacher 1988; Jacobs 1990; Olóriz et al. 1997, 1999). Several authors have discussed 
complex covariations between shell morphology, ornamentation and/or suture line 
above the species level (e.g., Ward and Westermann 1985; Olóriz et al. 1997, 1999). 
Differences in the shape of the suture line between specimens of the same species 
at similar diameters have been less discussed. Pictet (1854, p. 669) already pointed 
out that the inflated varieties of a species often differed from the compressed ones 
in the number of accessory lobes (and that modification of the umbilicus can cause 
the same alteration of sutural element number). Reeside and Cobban (1960) found 
that more inflated and heavily ornamented forms within individual Neogastroplites 
species tended to have taller lateral saddles (see also Yacobucci and Manship 2011). 
Buckman (1892, p. 313) reported that in Sonninia and Amaltheus, the complexity 
of the suture varies with the ornament (and through the first law of covariation 
also with whorl cross section). Westermann (1966) dubbed the covariation of whorl 
cross section and number of lobes/ saddles ‘Buckman’s second law of covariation’ 
(see Monnet et al. 2015a). He also stated that this might explain the statements of 
Oechsle (1958) on the moderately incised suture line of “S. adicra” and intensively 
incised suture line of “S. modesta”, which he considered to be extreme variants 
of the same species. He suggested that the covariation between septal suture and 
shell plication could be explained by functional requirements (“the stiffening of the 
phragmocone against shear, a strongly incised suture line furnishing a better fixture 
of the septum against shear and more even distribution of stresses from the septum 
onto the outer shell vice versa”), particularly when this covariation could be demon-
strated in multiple, not closely related genera. By contrast, Morard and Guex (2003) 
stated that the sculpture probably does not influence suture complexity directly, but 
that the sculptural and sutural elements both depend on a common third factor, the 
whorl shape (Guex 2001, 2003). Casey (1961) illustrated that the shape of the suture 
line at more or less the same diameter can also vary with ornamentation (tubercles) 
within the same specimen (Fig. 9.12). Some additional differences in the suture line 
within and between specimens can also be associated with pathologies (compare De 
Baets et al. 2015b; Keupp and Hoffmann 2015)
Hammer and Bucher (2006) tried to explain the correlation between whorl shape 
and suture line complexity partially in developmental terms in the following way: 
“Most ammonoids with compressed shells have more circular whorl sections early 
in ontogeny. The intraspecific variation in whorl shape can therefore be explained 
Fig. 9.12  Variation in four consecutive suture lines of the holotype of Cheloniceras disparile 
(Early Aptian) and its relationship with the position of the lateral tubercle (grey) (modified from 
Casey 1961, p. 216)
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as heterochronic: the more rounded forms are retaining their juvenile shape and 
can be regarded as paedomorphic. In such forms, where development is delayed, 
it would not be surprising if sutural development was similarly delayed, retain-
ing the simple suture line of the juvenile into more mature stages.” They acknowl-
edged, however, that “other physical mechanisms may also influence the fine shape 
of the suture”. They also reported intraspecific variation in septal spacing within 
Amaltheus that correlated with whorl shape, which they explained functionally in 
terms of hydrostatic properties. The smaller interseptal spacing in the compressed 
form has a positive impact on hydrostatic consistency through chamber formation 
(i.e., the smaller septal spacing leads to a smaller relative loss of buoyancy and 
smaller rotations of the aperture between consecutive septae). Similar covariation 
was also reported in Dactylioceras by Morard (2004), where the septal distance 
(septal angle) was larger in evolute forms with a depressed whorl section than in 
involute forms with a compressed whorl section.
One of the prime examples of high continuous intraspecific variation in shell 
shape and ornamentation are Triassic faunas from Siberia (e.g., Dagys and Weits-
chat 1993a, b; Checa et al. 1996; Dagys et al. 1999; Dagys 2001; Weitschat 2008; 
Fig. 9.2, 9.11). Several of these authors report an absence or no straightforward 
relationship between shell shape and suture line within these species. An exception 
is Dagys (2001, p. 548), who reported that more compressed forms had the highest 
number of umbilical lobes, although in the systematic descriptions, he stated that 
the covariation of shell shape with the suture line was not straightforward (com-
pare Fig. 9.13). Dagys and Weitschat (1993b) only reported that the position of the 
first saddle changes with the morphology of the conchs in Czekanowskites rieberi. 
Dagys et al. (1999) found that the outline of the saddles is highly variable in Para-
sibirites kolymensis.
Manship (2008) specifically investigated variation of the suture line in the Late 
Cretaceous acanthoceratoid Coilopoceras springeri, which has a marked intraspecif-
ic variation from robust, strongly ornamented to gracile, weakly ornamented shells. 
She found a subtle, gradational variation in suture forms, which was only weakly tied 
to shell morphology. Interestingly, Yacobucci and Manship (2011) reported a higher 
degree of constraint in the suture line pattern of the Cretaceous hoplitid Neogastrop-
lites muelleri (known for its wide range of intraspecific variability in shell shape and 
ornamentation: Reeside and Cobban 1960; see Fig. 9.13) than in C. springeri. While 
overall there is much less variation in suture line than in shell shape and ornamenta-
tion in Neogastroplites, it is true that the “subglobose spinose” forms tended to have 
taller suture elements (compare Reeside and Cobban 1960).
Kassab and Hamama (1991) also figured the intraspecific variation in suture line in 
morphs with a depressed and compressed whorl shape of Libycoceras ismaeli showing 
no straightforward relationship with whorl shape. Morard and Guex (2003) reported, 
based on qualitative observations, that suture elements in involute morphotypes of the 
Early Jurassic ammonoid Osperleioceras tend to be more finely fringed and that the 
lateral saddle lies proportionally lower on the flanks in involute morphotypes. Similar 
qualitative differences were reported by Bersac and Bert (2012a, b) from Cretaceous 
Deshayesitidae. More quantitative analyses on large samples are necessary to further 
investigate these patterns of intraspecific variation in the suture line.
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A special kind of intraspecific variation is the suture asymmetry (Kakabadze 
2004; Paul 2011; Keupp 2012) in some taxa, which is reflected in the different posi-
tion and development of the suture line elements between the left and right sides of 
the whorl. In at least some cases, this asymmetry could be related to asymmetrical 
development of the soft tissues (Yacobucci and Manship 2011). In some taxa, the 
symmetrical development of the suture line is poorly constrained and is very vari-
able between different specimens (e.g., the labile position of the external lobe in 
some taxa: Lange 1929, 1941; Hölder 1956; Schindewolf 1961; Hengsbach 1976, 
1980, 1986; Landman and Waage 1986; Keupp 2012 for a review), while in others, 
the development and direction of asymmetry seems to be genetically fixed (con-
Fig. 9.13  Suture variation in morphs of Neogastroplites muelleri (Early Cenomanian). All sutures 
taken at shell diameters between 30 and 35 mm. While some variations in the suture line appear 
correlated with shell shape (e.g., taller lateral saddles in more globose shells), other variation is 
uncorrelated with shell shape; the overall path of the suture line is similar in all forms. Suture 
patterns redrawn from Reeside and Cobban (1960). From top to bottom: Variant G, uncatalogued 
specimen; Variant E-F, USNM 129496; Variant C-D, USNM 129468; Variant B, USNM 129435; 
Variant A, USNM 129418
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stant excentrical position of the lateral lobe in Platylenticeratidae and Anahoplites: 
Hölder 1956; Keupp 2012). The development of asymmetry in the suture can also 
be due to pathologies when it only appears in a small percentage of the population 
(some authors have linked this to parasitic infestations: see discussion in De Baets 
et al. 2015a).
9.5  Influence of Intraspecific Variation on Ammonoid 
Studies
Ammonoids have often suffered extreme taxonomic oversplitting (Kennedy and 
Cobban 1976; Kennedy and Wright 1985; Dagys and Weitschat 1993b; Donovan 
1994), but lumping is also not uncommon (e.g., Westermann 1966; Howarth 1973; 
Callomon 1985). Underestimating (or overestimating) intraspecific variation can 
bias taxonomy and diversity counts, as well as biostratigraphic, evolutionary and 
paleobiogeographic analyses (e.g., Dzik 1985; Kennedy and Wright 1985; Hughes 
and Labandeira 1995; Nardin et al. 2005; Korn and Klug 2007; Monnet et al. 2010; 
De Baets et al. 2013a; Bert 2013).
Traditionally, many ammonoid workers have used a strict typological approach, 
erecting narrowly defined morphospecies, which has led to an artificial inflation of 
paleodiversity. Some authors like Buckman (1887) had already realized the prob-
lem early on, but still kept using this typological approach resulting in the over-
splitting of species. A typical example of this approach is the Jurassic ammonite 
Sonninia, for which Buckman alone erected over 60 species. Westermann (1966) 
subsequently lumped 69 species of Sonninia (including the ones erected by Buck-
man) together with Sonninia adicra as they all form part of a continuum in mor-
phology (as well as dimorphism) and based on this work, defined the Buckman laws 
of covariation following observations that had already been reported by the former 
author in 1892. Although a large degree of intraspecific variability in Sonninia is 
still accepted, it is now well established that specimens of Sonninia lumped together 
by Westermann (1966) come from multiple (bio)stratigraphic levels (e.g., Callomon 
1985; Westermann 1996; Sandoval and Chandler 2000; Dietze et al. 2005). When 
better preserved or better stratigraphically controlled material becomes available, 
this can still lead to the erection of additional species or the re-establishment of 
older ones based on previously overlooked differences in ontogeny or morphology. 
Hence, we frequently see in the history of ammonoid taxonomy an initial rapid 
increase in taxonomic diversity as a result of taxonomic oversplitting related to a 
strict typological approach, followed by a decline and then potentially a slight rise 
in diversity again, when a better numerical grasp on intraspecific variability and 
even finer stratigraphic resolution is achieved, as illustrated by Buckman’s Sonninia 
(Fig. 9.14).
In the middle of the last century, various authors realized the problems related to 
a strict typological or morphospecies approach, which resulted in the introduction 
of multiple co-occurring species at the same stratigraphic interval and region (e.g., 
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Haas 1946; Barber 1957; Callomon 1963; Tintant 1963; Westermann 1966), and 
have rallied for a more ‘biological’ species concept. Multiple authors have promot-
ed the merits of using a horizontal (population or biospecies) approach as opposed 
to a vertical (index or morphospecies) approach (e.g., Callomon 1963, 1985; Tintant 
1963, 1976, 1980; Tozer 1971; Kennedy and Cobban 1976; Silberling and Nichols 
1982; Dzik 1985, 1990a, 1994; Westermann and Callomon 1988; Atrops and Melé-
ndez 1993; Chandler and Callomon 2009; Fig. 9.15), which does not only include 
a wide range of continuous variation, but potentially also discontinuous variation 
(sexual dimorphism and non-sexual polymorphism). These authors may explicitly 
or implicitly claim that a fossil assemblage from a single stratigraphic horizon is 
more likely to represent a true biospecies (i.e., a reproductively isolated population) 
than assemblages from different horizons. However, it is obviously difficult to test 
claims about reproductive isolation in fossil samples, and we suggest great caution 
in applying the term biospecies to extinct taxa (see Yacobucci et al. 2015).
Oversplitting might also artificially create two or more lineages evolving seem-
ingly in parallel (Tintant 1980; Atrops and Meléndez 1993). Many authors keep us-
ing morphological species or variants to refer to different morphologies or morphs 
of these species for practical purposes (e.g., Dietze et al. 2005; Chandler and Cal-
lomon 2009), but it is incorrect to give these forms the rank of subspecies from a 
biological point of view (where species need to be reproductively isolated by ge-
ography or other factors), following the International Code of Zoological Nomen-
clature. Similar views were expressed for the subgeneric ranking of dimorphs (e.g., 
Fig. 9.14  Number of species of Sonninia (Bajocian) in use through time. Note the steep growth 
in the beginning during the era of a strict typological approach (mostly erected by Buckman), 
followed by a steep decline due to the biospecies approach of Westermann (1966) and a slight 
increase in modern times as a result of a more highly resolved stratigraphic framework and the 
discovery of new material (Sandoval and Chandler 2000; Dietze et al. 2005)
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Schweigert et al. 2007), which should not be used because a subgeneric placement 
should express (paleo-) biogeographic or habitat differentiation within a genus rath-
er than pure morphological differences. Nomenclatorial reasons also speak against 
the use of a subgeneric ranking (e.g., Pavia 2006).
Not properly taking intraspecific variation into account can cause obvious prob-
lems for taxonomy and systematics, but it can also significantly influence biostrati-
graphic studies (Dzik 1985, 1990a). As explained by Dzik (1985), the probability 
of finding a particular morphotype in a sample is not only related to the sample size 
but also to the horizon being sampled, as different morphotypes are more common 
in different horizons (Fig. 9.15). Thus, definitions of time correlation units based on 
the first known occurrence (FAD) of a morphotype does not provide a completely 
reliable basis for a study, which has led to the common use of assemblage zones. 
Morphological variation in contemporary populations might greatly exceed evo-
lutionary changes between successive faunas (e.g., Schloenbachia: Kennedy and 
Cobban 1976, Wilmsen and Mosavinia 2011; Kennedy 2013 or Neogastroplites: 
Reeside and Cobban 1960, Reyment and Minaka 2000), so that in many cases, 
successive faunas can only be separated on the basis of the mode of variation of 
the population, as individual morphotypes have relatively long stratigraphic ranges. 
This might also make it difficult to compare specimens from different localities 
or regions, when only limited material is available (e.g., De Baets et al. 2013a). 
Properly taking into account intraspecific variability is therefore a very important 
prerequisite for studying temporal and spatial patterns of diversity through time and 
their relation with environmental changes and extinction events (e.g., Kennedy and 
Wright 1985; Monnet et al. 2011b; De Baets et al. 2013a), for which ammonoids are 
Fig. 9.15  Differences between typological and population concepts of an ammonoid species as 
demonstrated by Late Callovian Quenstedtoceras. According to a typological approach all speci-
mens having more than three secondary ribs per primary rib belong to Q. lamberti (irrespective of 
their age), while according to a population approach all populations showing modal values of the 
rib index exceeding 3 at size class 50-60 are to be included in that species (modified from Dzik 
1990a; with permission from the author)
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often used (e.g., Brayard et al. 2009; Dera et al. 2011). This problem is illustrated 
by a study of Korn and Klug (2007) on the intraspecific variability of Manticoceras, 
which indicates that the effect of the Frasnian–Famennian extinction on ammonoids 
might be significantly overestimated when ignoring intraspecific variability. Fras-
nian diversity is based mainly on manticoceratid diversity, which was artificially 
inflated by taxonomic oversplitting (Korn and Klug 2007). Clearly, analysis of in-
traspecific variability is a prerequisite for many paleobiological and evolutionary 
studies (e.g., Monnet et al. 2015b), and much more research in this field is needed. 
9.6  Intraspecific Variation through Ontogeny
The mode and range of intraspecific variation might change through ontogeny. Sev-
eral authors have reported the largest range of continuous intraspecific variation 
from the middle whorls (e.g., Dagys and Weitschat 1993b; Morard 2004, 2006; 
Korn and Klug 2007; De Baets et al. 2013a). In these cases, specimens of the same 
species (and even different species and genera) are morphologically more similar 
to each other in the last whorl (recognized by adult modifications discussed in Klug 
et al. 2015) and early whorls than during intermediate growth stages. Others have 
reported higher variation in juvenile and adult forms (e.g., Korn and Vöhringer 
2004). Tanabe and Shigeta (1987) reported a higher variation in early whorls than 
in later whorls in several Cretaceous ammonoid taxa, although they only investi-
gated a limited number of specimens per species. Monnet et al. (2012) reported also 
the same pattern of decreasing intraspecific variation through ontogeny (i.e. high 
juvenile plasticity) in some Triassic ammonoids that is also independent of evolu-
tionary trends through time and also may have a very different variance (range) in 
different morphological characters. However, this pattern must be cautiously treat-
ed because it may be biased by the usual higher abundance of intermediate-sized 
specimens within preserved “populations” of species. The most extreme example of 
large differences in adult form is the dimorphism in late ontogeny typical of sexual 
dimorphism (Klug et al. 2015). There are also examples of non-sexual polymor-
phism, where the forms are at their most dissimilar in earlier ontogeny and become 
more similar in later ontogeny (e.g., in Dactylioceras as discussed by Tintant 1976, 
1980) or where they have similar ontogenies differing only in discrete characters 
(compare Sect. 9.4.2) Furthermore, a large degree of intraspecific variation in am-
monoids might be related to differences in development, more specifically growth 
rates and the length and shape of ontogenetic trajectories through development. For 
these reasons, intraspecific variability should be studied throughout ontogeny or 
development from early to late growth stages (e.g., Neige 1997; Morard and Guex 
2003; Urdy et al. 2010a, b, 2013; De Baets et al. 2013a; Bert 2013: compare Urdy 
2015). Only limited studies have focused on quantitatively analyzing changes in 
intraspecific variation throughout ontogeny (e.g., De Baets et al. 2013a), but they 
might be particularly important to understand the mode of growth as well as paleo-
biology and paleoecology of ammonoids.
3899 Ammonoid Intraspecific Variability
9.7  Size-At-Age Variation in Ammonoids
The growth of extant cephalopods is notoriously variable and is influenced by vari-
ous biotic and abiotic factors. Populations of extant cephalopod species can show 
large intra-annual (seasonal) and inter-annual variations in growth rate and adult 
size (e.g., Boyle and Ngoile 1993; Arkhipkin and Laptikhovsky 1994; Nigmatul-
lin et al. 2001; Jackson and Moltschaniwskyi 2002; Arkhipkin 2004; Keyl et al. 
2011; Hoving et al. 2013). This typically results in a high intraspecific variation in 
size-at-age data (e.g., Boyle and Boletzky 1996), which has been corroborated both 
by laboratory rearing experiments and population studies in the field (Pecl et al. 
2004 and references therein). In particular, ambient temperature as well as food 
quality and quantity have been implicated in growth rates (e.g., Pecl et al. 2004), 
but various other environmental factors such as light intensity, pressure, dissolved 
oxygen, and the abundance and kind of predators might have stressed or otherwise 
influenced the growth rates of marine organisms (see Bucher et al. 1996 for a re-
view). Food and temperature are also partially interrelated because feeding rate is a 
function of temperature (Mangold 1983; Hewitt and Stait 1988). Such ecologically 
driven differences in size are exemplified by a study by Hoving et al. (2013), who 
recorded a spectacular decrease in the adult size of the jumbo squid ( Dosidicus 
gigas) from more than 55 cm to less than 30 cm mantle length after an El Niño 
event, which is a periodic development of anomalously warm surface water tem-
peratures (and can coincide with a reduction in primary production associated with 
wind-driven upwelling as well as a variety of effects on higher trophic levels) off 
the western coast of South America. This variation might also be partially related to 
differences in temperature or other environmental conditions at hatching. Climate 
change might also affect the life history of squids as warmer temperatures are ex-
pected to reduce embryonic duration and hatchling size, increase growth rates and 
shorten the overall life-span, resulting in maturation at smaller sizes and younger 
ages. Individual squids will require more food per unit body size, need more oxygen 
for faster metabolism and have a reduced capacity to cope with food scarcity (Pecl 
and Jackson 2008). Climate change might well have affected ammonoid popula-
tions in a similar way (e.g., Matyja and Wierzbowski 2000), although this needs be 
further investigation.
Similar size-at-age variation might have existed in ammonoids, and could be re-
flected in differences in adult size of fossil ammonoid populations at the same local-
ity and age (e.g., Ivanov 1971a, 1975: microconchs, macroconchs and megaconchs; 
Matyja 1986, 1994: miniconchs, microconchs and macroconchs: compare Klug 
et al. 2015), over evolutionary time (Hewitt and Hurst 1977; Dzik 1990a; Landman 
et al. 2008) as well as interpopulational differences in adult size between differ-
ent regions and/or paleoenvironments (Kummel 1948; Vogel 1959; Wendt 1971; 
Mancini 1978; Elmi and Benshili 1987; Stevens 1988; Courville and Thierry 1993; 
Mignot 1993; Mignot et al. 1993; Matyja and Wierzbowski 2000; Reboulet 2001; 
Urlichs 2004, 2012; Ploch 2007; Landman et al. 2008). It should be noted, how-
ever, that it can be hard to disentangle intra- and inter-annual environmental factors 
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due to the inherent time-averaging each shell assemblage (fossil population) has 
gone through (compare Sect. 9.3). Also, to document size-at-age variation requires 
a method for determining the age of individuals. Even in extant cephalopods, esti-
mating age (often indirectly using growth increments in statoliths: Jackson 1994) 
and maturity (e.g., Arkhipkin 1992) is not always straightforward. In fossil cepha-
lopods, such studies are further complicated. Diameter is most commonly used as 
a proxy for size, although other parameters like body chamber (or shell) volume or 
its square root might be more suitable, as they better reflect the growth of the soft 
tissues contained within the body chamber, particularly when comparing taxa or on-
togenetic stages with different shell shapes (e.g., Bucher et al. 1996; Dommergues 
et al. 2002; De Baets et al. 2013a). The volumetric parameters are more difficult to 
obtain and not commonly used in the literature, making the diameter still the most 
commonly used proxy for size. The diameter is also not directly comparable with 
mantle length, which is the most widely used measure of size in extant coleoids. 
The body chamber length would be more directly comparable with mantle length. 
The diameter has been used more rarely as a proxy for age, but this probably makes 
even less sense. Other proxies for age have been employed like septal spacing (e.g., 
Stephen et al. 2002) or rib spacing counts (e.g., Dommergues 1988), although these 
also have their problems as they are based on several assumptions and do not nec-
essarily stay constant through ontogeny or between taxa (compare Bucher et al. 
1996). Ideally, we would need to know growth rates through ontogeny, which are, 
however, hard to estimate in fossil organisms like ammonoids. Several methods 
making various assumptions have been suggested, which can often only be used in 
particular cases and show various degrees of success and reliability (comprehen-
sively reviewed in Bucher et al. 1996; compare Urdy 2015). These methods are:
• Assumptions about the periodicity of shell secretion in septa, constrictions or 
pseudosutures (e.g., Ivanov 1971b; Hirano 1981; Doguzhaeva 1982; Weitschat 
and Bandel 1991; Hewitt et al. 1991),
• Detection of seasonal signals in morphology (e.g., shell volume: Trueman 1940; 
rates of whorl expansion and septal spacing: Westermann 1971; septal spacing: 
Kulicki 1974; Zakharov 1977; jaw increments: Hewitt et al. 1993) and isotopic 
data (e.g., Jordan and Stahl 1971; Lécuyer and Bucher 2006),
• Presence of distinct age classes or cohorts in ammonoid species, which are as-
sumed to have bred (and spawned) periodically at regular times (e.g., Trueman 
1940; Bucher et al. 1996),
• Using growth rates of epizoans with modern counterparts growing on ammo-
noids during their lifetime (e.g., Schindewolf 1934; Merkt 1966; Meischner 
1968; Hirano 1981; Andrew et al. 2011).
Some of the most pronounced size differences in ammonoids might be associated 
with sexual dimorphism (classically expressed as microconchs and macroconchs), 
although the sexual nature or presence of dimorphism is not always clear, even 
during the Jurassic where the phenomenon is most accepted (compare Sect. 9.4.2). 
Some authors have reported only one morphology, resembling microconchs and/
or macroconchs of other taxa, while others have reported the presence of three 
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morphologies (e.g., Ivanov 1971a, 1975; Brochwicz-Lewinski and Rózak 1976; 
Matyja 1986, 1994) within ammonoid species (compare Klug et al. 2015). The lat-
ter phenomenon might reflect the presence of morphologically distinct “popula-
tions”, which might be largely geographically isolated or represent cohorts hatched 
at different times (and which were therefore subjected to different environmental 
conditions at different times in their development). Ivanov (1971a, 1975) reported 
the presence of megaconchs, which do not show signs of maturation (although this 
might potentially be a taphonomic bias) and Matyja (1986, 1994) reported the pres-
ence of miniconchs in addition to microconchs and macroconchs within some am-
monoid taxa. The presence of more than two morphologies does not necessarily 
rule out the presence of sexual dimorphism as there might be more than one morph 
in one or both sexes. Interestingly, the presence of three adult size-classes has also 
been reported from extant cephalopods (e.g., Sthenoteuthis pteropus: Zuev 1976; 
Dosidicus gigas: Nigmatullin et al. 2001), although it probably does not reflect 
sexual dimorphism, as the three size classes occur in both sexes (Nigmatullin et al. 
2001). Matyja (1986, 1994) has dubbed this phenomenon developmental polymor-
phism, but this does not necessarily correspond to the biological definition of poly-
morphism, as these might have lived in different times or places and might therefore 
not be polymorphic in a biological sense (as such forms could represent seasonal or 
geographic variants: compare Sect. 9.3). Matyja (1986) attributed the expression of 
“developmental polymorphism” as mono-, di- or trimorphism in a given population 
to environmental factors, more specifically geography and lithofacies. Neverthe-
less, one should remain cautious in interpreting size structure in fossil populations 
as various factors could also contribute to a non-unimodal size distribution of fossil 
assemblages, including taphonomic and collection biases (size sorting, spatial and 
temporal mixing) as well as paleoecological factors (different ratios or separation of 
size classes or ontogenetic stages during the lifetime). The studies of Matyja (1986, 
(1994) and Ivanov (1971a, 1975) are therefore open to scrutiny as they did not use 
the proper quantitative methods and have a low sample size (compare Callomon 
1988: Davis et al. 1996).
Several authors have reported intraspecific differences in adult size of popula-
tions deriving from different regions and/or paleoenvironments (Elmi and Benshili 
1987; Mignot 1993; Mignot et al. 1993; Reboulet 2001; Urlichs 2004; Ploch 2007; 
Landman et al. 2008). Many of these studies have suggested a correlation between 
miniaturization and a locally confined paleogeographic and/or paleoenvironmental 
context (e.g., Elmi and Benshili 1987; Mignot 1993; Mignot et al. 1993; Olóriz 
et al. 2000; Urlichs 2004; Ploch 2007). Such a relationship has been particularly 
supported by comparative studies on Tethyan populations of Jurassic ammonites 
from small basins in the northwest European platform (e.g., Elmi and Benshili 
1987; Mignot 1993; Mignot et al. 1993). Stunting (“Kümmerwuchs” sensu Ager 
1963; see Keupp and Hoffmann 2015) preferentially affected populations in small 
isolated basins, which belong to species that are widespread and have larger indi-
viduals outside of the confined basins. Dommergues et al. (2002) attributed this 
size decrease to the scarcity of nutrients because such stunting is found experimen-
tally in miniaturized (undernourished) cuttlefish (Boletzky 1974), although such 
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populations have so far not been reported from natural environments. Reboulet 
(2001) reported that representatives of several Valanginian ammonoid species in 
the deeper water facies of the Vocontian basin were smaller than their counter-
parts in the shallow water facies in the Provence Platform, which he attributed to 
a decrease in growth rate under conditions of higher hydrostatic pressure as well 
as lower water temperature and nutrient supply in the basinal areas. Ploch (2007) 
reported that specimens of Saynoceras verrucosum from the deeper Vocontian basin 
were smaller than those from the shallower epicratonic Polish basin, which she at-
tributed to their isolation and differences in depth or temperature. Landman et al. 
(2008) investigated differences in body size of the Late Cretaceous Hoploscaphites 
nicolletii over time and between geographically separated contemporary popula-
tions. They reported that macroconchs from the northwestern portion of their study 
area were smaller than those from the southwestern portion, which they explained 
by unfavorable conditions (lower oxygen levels, less than normal marine salinity) 
also reflected in the low diversity and abundance of nektic and benthic organisms 
in general. Landman et al. (2008) also reported that body size of the same spe-
cies correlated with environmental changes over time. Urlichs (2004) discovered 
that smaller Triassic Lobites nautilinus/pisum specimens occurred in distinct clay 
to marly clay beds rich in pyrite while larger specimens were found in marl and 
limestone beds poor in pyrite. He interpreted the larger specimens as normal-sized 
when compared with contemporary specimens from the Hallstätt Limestone and the 
smaller specimens as stunted adults based on septal crowding (compare Kraft et al. 
2008 for an alternative interpretation). Interestingly, the environment did not seem 
to have affected several other species (e.g., Lecanites glaucus, Megaphyllites jar-
bas, Proarcestes klipsteini, etc.), which are represented by normal-sized juveniles. 
Often, other shelled organisms from the St. Cassian Formation such as bivalves 
and brachiopods (Urlichs 2012) or in other, similar faunas are miniaturized (e.g., 
Kummel 1948; Mancini 1978). Urlichs interpreted this as a possible indication for a 
nektobenthic or demersal mode of life of Lobites and the confined paleogeographic 
condition of this basin. The close correlation between body size and paleoenvi-
ronment has often been used to indicate a deep nektonic or demersal/nektobenthic 
mode of life (Reboulet 2001; Urlichs 2004), although it might similarly affect forms 
with a pelagic mode of life as both facies and body size might be influenced by a 
second factor that controls both.
Stunting (“Kümmerwuchs”), which has ecological reasons, should not be con-
fused with dwarfism (“Zwergwuchs”), which is genetically fixed (compare Ager 
1963; Hallam 1965; Mancini 1978; Urlichs 2004; Keupp 2012). Paedomorphic pro-
cesses that might lead to evolutionary trends towards smaller representatives are not 
uncommon in ammonoids, although they are often discussed above the species level 
(e.g., Dommergues et al. 1986; Landman and Geyssant 1993; Korn 1995). Logical-
ly, the first thing one needs to rule out in miniaturized faunas is that their small size 
does not relate to an early stage of development (e.g., juveniles) or taphonomic bias 
(e.g., only inner whorls preserved). Some authors have reported smaller representa-
tives of species from fissure-fillings compared to ‘normal’ individuals from other 
sediments in the Triassic (e.g., Krystyn et al. 1971; Urlichs 2004) and the Jurassic 
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(e.g., Wendt 1971; Aubrecht and Schlögl 2011). Some have attributed this to ta-
phonomic biases (preferential preservation of smaller specimens in these fissures: 
Krystyn et al. 1971), while others attributed these to stunting (Wendt 1971; Urlichs 
2004). Aubrecht and Schlögl (2011) could not establish whether these ammonites 
were juvenile, dwarfed specimens adapted to limited cave space or size-sorted adult 
specimens. According to Stevens (1988), environmental constraints could, howev-
er, also lead to gigantism in adults; using recent squids as a model, he predicted that 
large specimens might have preferred colder environments and should therefore be 
more numerous in the fossil record during transgressive episodes. Rare abnormally 
large or “giant” specimens within an ammonoid species could potentially be the 
outcome of pathological conditions such as parasitic castration, in analogy with 
cases seen in extant gastropods, or hormonal disorders (Dommergues et al. 1986; 
Stevens 1988; Manger et al. 1999; this is discussed in more detail in De Baets et al. 
2015a).
Environmental factors do not explain all variation in size-at-age, as individu-
als reared under identical conditions still display a wide range of sizes (Pecl et al. 
2004). Many studies have attributed size-at-age variation to intrinsic factors or en-
vironmental factors affecting cephalopods after hatching, overlooking the effect of 
seasonal temperature variation and individual hatching size heterogeneity. Such 
differences in hatching size might amplify throughout the lifespan of the cepha-
lopods. In Recent cephalopods, hatchling size not only depends on egg size, but 
also on developmental temperature (varying with seasons, depth or latitude) and 
individual hatching conditions (Boletzky 2003). A negative relationship between 
egg size and environmental temperature is known from extant cephalopods and has 
been reported both within species and between species (e.g., Laptikhovsky 2006). 
Latitudinal temperature-related differences in embryonic shell size might also have 
been present in ammonoids (Laptikhovsky et al. 2013), but so far, the fossil record 
is spatially too patchy to test geographic differences in contemporary populations 
of the same species over large latitudinal distances, where this could be relevant 
(Tajika and Wani 2011). In extant cephalopods, there is also a large intrinsic varia-
tion at hatching at the same locality (De Baets et al. 2015b), which might also con-
tribute to the large intraspecific variation reported in various ammonoids sampled 
from restricted intervals in time and space from the Paleozoic (Erben 1950, 1964; 
Tanabe et al. 1995; Stephen and Stanton 2002) to the Mesozoic (Tanabe 1977a, b; 
Landman 1987; Rouget and Neige 2001; Tanabe et al. 2003; Tajika and Wani 2011). 
It has been hypothesized that both seasonal temperature variation and individual 
hatchling size heterogeneity might influence subsequent growth and contribute to 
the (adult) size-at-age variation of cephalopods (Pecl et al. 2004; Leporati et al. 
2007). Pecl et al. (2004) hypothesized that small changes in temperature might be 
particularly relevant during the early exponential growth phase and then amplify 
throughout the lifespan. An exception might be longer-lived species that exhibit 
asymptotic growth, where small initial differences between individuals might be 
minimized as the organisms grow. Individual hatchling variation might, however, 
play a subordinate role, at least in some ammonoids such as Scaphites (Landman 
1987) or Creniceras renggeri (Neige 1997), where authors reported a lack of corre-
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lation between size at hatching and adult size. Nevertheless, such correlations might 
still be present earlier in ontogeny or in other taxa, as the influence of range of varia-
tion in early ontogeny seems to depend on the growth pattern of the cephalopods.
All these studies demonstrate that size is a highly variable parameter among pop-
ulations within ammonoid species when subjected to specific environmental con-
straints. This indicates that size can be a useful tool to recognize spatially separated 
fossil populations (e.g., Courville and Thierry 1993). However, size-at-age may not 
be an effective criterion to separate ammonoid species. For example, the only char-
acter separating “Mimagoniatites falcistria” (restricted to the Hunsrück Slate) from 
M. fecundus (more widely distributed) was its size, combined with differences in 
preservation between clayey and carbonate sediments (Chlupáč and Turek 1983; 
Göddertz 1989). More complete specimens of “M. falcistria” with preserved inner 
whorls show that they are conspecific with M. fecundus (De Baets et al. 2013b). De 
Baets et al. (2013b) could also demonstrate that the larger specimens from the Hun-
srück Slate show indications of adulthood (Chlupáč and Turek 1983), while larger, 
complete specimens are rare or absent in its type region in the Czech Republic.
9.8  Ecophenotypic Variation
Intraspecific morphological variation has been well-documented, particularly in 
coiled Mesozoic ammonoids, but it still remains poorly understood from an eco-
logical point of view (e.g., Westermann 1996; Ritterbush et al. 2014). Strong intra-
specific variation without apparent facies association has often been used to ques-
tion a close correlation between shell shape and ecology in ammonoids (Dagys 
and Weitschat 1993a, b; Dagys et al. 1999; Weitschat 2008; Kennedy and Cobban 
1976; compare Naglik et al. 2015). Others have suggested it might be related to a 
lack of selection on shell shape in these taxa and/or certain environments (Ken-
nedy and Cobban 1976; Westermann 1966, 1996; Keupp 2000). The occurrence of 
broadly varying species together with narrowly varying species in the same family 
(e.g., Czekanowskites with Arctohungarites: Dagys and Weitschat 1993a) or co-
occurring in the same strata ( Sonninia with Fissilobiceras: Dietze et al. 2005) has 
been used by some authors (Westermann 1996; Keupp 2000) to suggest differences 
in selection pressure on streamlining and/or “defensive” sculpture depending on the 
paleoenvironment. Westermann (1996) hypothesized that streamlining varied much 
more in populations of planktic drifters and vertical migrants compared with nektic 
and demersal swimmers that “depended on speed, acceleration and/or steerage for 
catching prey”. Keupp (2000) suspected that forms showing high variation might 
have lived in shallower water with higher water energy, where they would have 
been exposed to stronger selection for forms with better “streamlining” (Naglik 
et al. 2015). Interestingly, other ammonoid workers have related shell shape strictly 
to environmental influences as fossil taxa that show an array of forms are often 
assumed a priori to be ecophenotypically plastic (e.g., Crick, 1978; Kassab and 
Hamama 1991; Reyment 1988; Reyment and Kennedy 1991; Kin 2010), even if 
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the specimens are more or less contemporary and derive from the same locality or 
region (Reyment and Kennedy 1991; Kin 2010). On the other hand, shell morphol-
ogy is not necessarily strongly controlled by environmental conditions. Callomon 
(1985), for instance, noted that a high range of morphological variation in the Juras-
sic cardioceratids persisted for several million years despite migrations and changes 
in habitat, suggesting that internal controls on shell shape also existed. Some au-
thors (Reyment 1988; Reyment and Kennedy 1991; Reyment 2003) have attrib-
uted the pronounced variation observed in some ammonoids to genetically based, 
“multiple niche polymorphism” (Bulmer 1980) in stressful environments, which is 
common in modern gastropods (Goodfriend 1986), although this is hard to prove.
Differences in intraspecific variation between different paleoenvironments and 
regions have rarely been studied in ammonoids, although they are the only way to 
test hypotheses of phenotypic plasticity and ecophenotypic variation in ammonoids. 
Some authors have not only reported intraspecific differences in size (discussed 
in more detail above in Sect. 9.7), but also differences in shell morphology and/
or ornamentation between different paleoenvironments (Dietl 1978; Tintant 1980; 
Courville and Thierry 1993; Jacobs et al. 1994; Diedrich 2000; Ploch 2007; Wilm-
sen and Mosavinia 2011). Potentially, this link between shell form and environment 
might also be related to differences in growth rates and development between local-
ities (Mignot et al. 1993; Reboulet 2001). Phenotypic plasticity in shell shape and 
ornamentation has mainly been reported in several Cretaceous ammonoids (e.g., 
Jacobs et al. 1994; Reyment and Kennedy 1991; Diedrich 2000; Kin 2010, 2011; 
Machalski 2010; Wilmsen and Mosavinia 2011; Fig. 9.16). Unfortunately, most of 
these studies only semi-quantitatively investigated these patters (i.e., in categories), 
having access only to rather small sample sizes, or they did not list the original mea-
surements of their specimens, which would make it possible to assess these patterns 
statistically. In any case, phenotypic plasticity can never be fully demonstrated for 
ammonoids, since it would require proof that morphologically differing individu-
als shared the same genome (which is obviously unknown from ammonoids) and 
varied due to differing ecological conditions.
Jacobs et al. (1994) reported the presence of more compressed morphs of Scaph-
ites whitfieldi in nearshore sandy facies, while more depressed morphs of this spe-
cies occurred in offshore muds. The phenomenon of shell compression varying 
with lithofacies has also been recognized above the species level (Jurassic: Bayer 
and McGhee 1984, 1985; Cretaceous: Landman and Waage 1993; Kawabe 2003). 
This is seemingly consistent with a hydrodynamic explanation, where thinner, more 
compressed morphs would be able to swim more efficiently at higher velocities 
(typical for nearshore environments) and depressed morphs more efficiently at 
low velocities (see Naglik et al. 2015). A similar phenomenon might be present in 
Thomasites gongilensis, for which Courville and Thierry (1993) reported a continu-
ous intraspecific variation from extreme platycone ( compressum), over intermedi-
ate morphologies ( tectiforme), to subsphaeroconic or subcadiconic morphologies 
( gongilense) linked by intermediate forms. The main morphology also depended on 
the paleoenvironments, with more compressed platycones dominating in shallower 
areas, while more inflated morphs dominated in deeper, subsiding areas ( tectiforme 
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and gongilensis). The situation might have been even more complicated as they also 
found a group ( inflatum), which differed in ornamentation (branching of ribs and 
presence of furrows) and which they assigned to the same species; this species did 
not show this ecophenotypic variation (compare Reyment 2004 for a different point 
of view). Courville and Thierry (1993) speculated that the inflatum group might 
have been a geographic subspecies or a more complex case of extreme intraspecific 
variation as both groups were only occasionally found together in a transitional 
Fig. 9.16  Schematized distribution and semi-quantitative analysis of the relative proportion of 
morphological variants within contemporary samples of Schloenbachia varians (Cenomanian) 
from different paleoenvironments (modified from Wilmsen and Mosavinia  2011; with permission 
from the author)
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area between both regions, where these morphs are typical (compare also Reyment 
2003). There might also be a link with development as the representatives of the 
species from different localities showed markedly different body sizes. The authors 
explained this by internal (genetic) factors as well as external constraints (water 
depth and energy, interactions with other organisms including predation and com-
petition for food).
Complicating the situation, Wilmsen and Mosavinia (2011) reported the opposite 
pattern in Schloenbachia varians, with compressed, weakly ornamented morphs 
being more common in open (and deeper) waters and depressed, strongly tubercu-
late forms in shallower environments (Fig. 9.16). They attributed the dominance of 
strongly tuberculate, depressed forms in shallow, nearshore environments to higher 
water energy and predation pressure. They only studied this semi-quantitatively, 
but their histograms suggest non-unimodal and strongly skewed distributions in 
some paleoenvironments. A similar type of ecophenotypic variation was reported 
by Diedrich (2000) for Pusozia, where finely ribbed ecotypes are typical for ramp 
facies in the deeper shelf, more coarsely ribbed varieties for slope environments 
of the middle shelf and heavily ornamented forms for shallower submarine swells. 
He attributed the facies-dependence of shell morphology to the nektobenthic or 
demersal ecology of the ammonoids in question (similar claims have been made 
for facies-dependence of size: Reboulet 2001; Urlichs 2004). Even if a relation-
ship between shell morphology and an environmental factor can be shown, such 
a link does not by itself prove that morphology is controlled by that factor (Yaco-
bucci 2008). For example, given a correlation between shell shape and facies, the 
underlying cause of the differing shell shapes is certainly not the facies per se, but 
rather one or more associated factors, such as the water energy, predatory pressure, 
hydrostatic pressure, light, nutrient availability, geographical region, or stage of a 
sea-level cycle in which the ammonoids preferentially lived. These components 
might be difficult to disentangle in fossil “populations” as they are typically mixed 
in time (different seasons, years or decades to hundreds and thousands of years; 
natural and empiral time-averaging of shell assemblages) and space (bathymetri-
cally, geographically, paleoenvironmentally; due to their pelagic lifestyle as well as 
potential post-mortem transport: Kennedy and Cobban 1976; Ritterbush et al. 2014; 
Naglik et al. 2015). Reyment and Kennedy (1991) and Kin (2010, 2011) discussed 
phenotypic plasticity as a possible reason for the large intraspecific variation in 
Knemiceras and Acanthoscaphites, respectively. They could not, however, provide 
evidence that particular phenotypic classes or morphologies were linked to differ-
ent environmental conditions. An external influence on phenotype might also be 
present in Hemihoplitidae as Bert (2012) reported that more robust individuals are 
usually found on the edges of the platform, while these morphotypes are rare in the 
pelagic environment. Similar environmental factors might also have played a role 
for the evolution of Gassendiceras towards more slender morphologies over time 
(Bert and Bersac 2013); both patterns have still have to be studied quantitatively.
We can extend environmental variation to geographic variation (Bert 2013), 
which is a scaled-up version of local and regional environmental differences that 
often remain undetected (Westermann 1996) given the limits of stratigraphic and 
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spatial resolution in temporally and/or spatially mixed fossil populations. Besides 
geographic differences in adult size (Sect. 9.7), authors have also reported geo-
graphic differences in shell shape (planispiral vs. trochospiral coiling: Dietl 1978; 
thickness ratio of shell whorls: Ikeda and Wani 2012; Yahada and Wani 2013) and 
ornamentation (e.g., differences in ribbing and furrows: Courville and Thierry 
1993; Olóriz et al. 2000). Other shell shape parameters and the shape of the suture 
line might also be involved, but they have to our knowledge not yet been adequate-
ly studied. Some of these patterns might also be related to differences in growth 
rate and length of development, which have also been reported (e.g., Mignot et al. 
1993; Reboulet 2001; Ploch 2007). Dietl (1978) noted a reduced variation in coil-
ing (e.g., lack of three-dimensionally coiled or trochospiral forms) with increasing 
geographic distance from the “optimal biotope” (Fig. 9.17). He interpreted the high 
variation in shell shape in Spiroceras as an indication of a benthic mode of life on 
algal meadows (compare also Westermann 1996). Other authors have reported dif-
ferences in whorl thickness ratios of shells (whorl breadth/shell diameter) between 
different areas and/or paleoenvironments, both in the Jurassic (e.g., Tintant 1963, 
1980) and Cretaceous (Ploch 2007; Ikeda and Wani 2012; Yahada and Wani 2013). 
Tintant (1963) described differences in whorl height and umbilical width at the 
same diameters between different samples of Kepplerites gowerianus deriving from 
different localities, but the same subzone. Tintant (1980) stated this pattern could 
potentially be related to geographic variation, but might equally reflect a slightly 
different age of these samples, as Kepplerites shows similar changes in umbilical 
width and whorl height over evolutionary time. Ploch (2007) wrote that the speci-
mens of Saynoceras verrucosum from the Vocontian Basin are more inflated (e.g., 
showed relatively larger whorl height than whorl width) than specimens from the 
Polish Basin. Some authors have attributed differences in certain characters such 
as whorl thickness ratios of shells between areas and/or paleoenvironments (Ikeda 
 Fig. 9.17  Differences in 
coiling (planispiral: white; 
trochospiral: black) within 
contemporary populations 
of Spiroceras orbignyi (Late 
Bajocian) depending on the 
locality/paleoenvironment 
(modified from Dietl 1978)
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and Wani 2012; Yahada and Wani 2013) as an indication that members of differ-
ent populations did not frequently migrate between these two areas in later ontog-
eny. Interestingly, the early ontogeny was indistinguishable in these specimens as 
these differences only developed later in ontogeny (compare Ikeda and Wani 2012; 
Yahada and Wani 2013). Inherent problems with temporal resolution in fossil popu-
lations (even within taxa deriving from the same biostratigraphic unit) hamper the 
separation of evolutionary changes (microevolution: compare Bert 2013) over time 
from geographic variation at the same time within species and lineages, particularly 
in the case of high intraspecific variability (compare Kennedy and Cobban 1976; 
Tintant 1980; Landman et al. 2008).
Not only the mode of intraspecific variation might change, but also the range of 
intraspecific variation can vary through time and/or space. Bert (2004) reported, for 
example, that the range of variation within species of Gregoryceras increases from 
the Cordatum Subzone (Lower Oxfordian, Jurassic) to reach its maximum in the 
Luciaeformis Subzone (Middle Oxfordian) and decreases thereafter. In the Creta-
ceous ammonoid Deshayesites fissicostatus, the proportion of smoother shells was 
reported by Bersac and Bert (2012a) to vary between the Fissicostatus and Obsole-
tus subzones (Lower Aptian) in southern England (Casey 1963), probably for local 
ecological reasons. Monnet et al. (2012) also reported similar irregular fluctuations 
through time in the range of intraspecific variation for the Triassic Acrochordiceras 
that are not clearly related to sample size or facies changes. Wiese and Schulze 
(2005) reported that local/regional populations of Neolobites vibrayeanus were ap-
parently morphologically stable, but that little morphological overlap occurred be-
tween individuals of geographically separated assemblages.
High levels of morphological variability within a species have been attributed to 
various ecological and developmental mechanisms, including selection for ecologi-
cal generalists in an unstable environment (Simpson 1944; Levins 1968), inherent 
developmental plasticity (West-Eberhard 2003, 2005), and the absence of competi-
tors in an empty ecosystem (Westermann 1966, 1996). Yacobucci (2004b) inves-
tigated the response of Cretaceous Neogastroplites, known for its notorious range 
of intraspecific variation in shell shape and ornamentation (Reeside and Cobban 
1960), to the invasion of a potential competitor, Metengonoceras, in the Mowry 
Sea. A competitive interaction model would predict that a variable species would 
contract its variation when encountering a new competitor. However, Neogastrop-
lites responded not by decreasing its morphological variation but by expanding into 
a previously unoccupied region of its morphospace. Yacobucci (2004b) attributed 
the variability of Neogastroplites to environmental instability or developmental 
flexibility. Tanabe and Shigeta (1987) explained differences in the range of varia-
tion of shell shape, from high in heavily ornamented and heteromorph forms, to in-
termediate in finely ribbed platycone forms, to small in weakly ornamented forms, 
to possible differences in the mode of life of these ammonoids (see also Wester-
mann 1996; Naglik et al. 2015). In some time intervals like the Triassic (e.g., Dagys 
and Weitschat 1993a, b; Dagys et al. 1999; Dagys 2001; Weitschat 2008), extreme 
intraspecific variation appears to have been particularly concentrated in high-lati-
tude “polar” regions (a phenomenon also seen in extant gastropods: Clarke 1978). 
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However, similar cases are known from more or less contemporary faunas from 
lower latitudes (Monnet et al. 2010) suggesting this interpretation might represent 
a preservational or collection bias. Geographic differences in size within species 
have often been attributed to the differences in environmental or geographic context 
(Mignot 1993; Mignot et al. 1993; Reboulet 2001; Ploch 2007). There also seems to 
be no clear link to endemism as a high range of intraspecific morphological varia-
tion is known not only from more endemic taxa ( Thomasites: Courville and Thierry 
1993) but also from more widespread, globally distributed taxa ( Acrochordiceras: 
Monnet et al. 2010). Both phenomena still need to be studied more extensively and 
consistently.
9.9  Quantification, Analysis and Comparison  
of Intraspecific Variation
One must first quantify the degree and nature of the variation (by making mea-
surements, calculating variance/standard deviation/coefficient of variation, making 
histograms that show the spread of the data, etc.) and then one can analyze the 
variation (e.g., looking for correlations among traits, tracking changes in variation 
through time and across space, etc.). Fundamentally, three types of quantitative 
methods are available to study intraspecific variation: univariate, bivariate and mul-
tivariate methods (e.g., Charpy and Thierry 1976; Bert 2013). Univariate methods 
(e.g., histograms, descriptive statistics) are typically employed to visualize and test 
the homogeneity of a sample restricted in time and/or space (Tintant 1980), but 
can also be used to test or plot intraspecific variation through ontogeny for various 
ontogenetic stages or size classes. Bivariate methods can be applied to test correla-
tions between parameters and see changes in particular characters through ontogeny 
(De Baets et al. 2013a). Multivariate methods are commonly used to investigate the 
relative contribution of each measured character to the total variation of the sample 
and to group individuals by morphological or ontogenetic similarities considering 
all measured characters simultaneously (Charpy and Thierry 1976; Bert 2013).
9.9.1  Univariate and Bivariate Methods
Intraspecific variation of a single measurable character is often simply visualized 
by using a box-and-whisker plot for certain size classes or ontogenetic stages (e.g., 
Korn and Klug 2007; Monnet et al. 2010; Fig. 9.10, 9.18). However, such graphs 
do not show whether the specimens show a uni-, bi-, or multimodal distribution. As 
explained above, one might intuitively expect a unimodal distribution if the speci-
mens belong to the same taxon with continuous variation (e.g., Monnet et al. 2010), 
whereas discontinuous variation or polymorphism might result in multimodality for 
certain characters. A particular case might be sexual dimorphism, where bimodality 
at the end of ontogeny can be expected (e.g., Palframan 1966, 1967).
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Frequency distributions and (multi)modality of single traits are usually depicted 
with histograms, that is, a graphical representation of the data distribution that bins 
data into discrete intervals (Pearson 1895; Hammer and Harper 2006; Foote and 
Miller 2007; Fig. 9.18, 9.19). A histogram therefore only approximates the distribu-
tion of a variable (Pearson 1895). Histograms have certain disadvantages because 
they are discontinuous, have a fixed bin width, and are dependent on bin size and 
origin (Salgado-Ugarte et al. 2000). An alternative to the histogram is kernel density 
estimation, which uses a kernel to smooth samples. This approach will construct 
a smooth probability density function, which will in general more accurately re-
flect the underlying variable. In contrast to histograms, kernel density estimators 
are smoother and continuous, and allow for easier recognition of outliers, skewness, 
Fig. 9.18  Univariate tools used to study the range and distribution of intraspecific variation of the 
umbilical width with three species of Acrochordiceras ( Middle Triassic; modified from Monnet 
et al. 2010): boxplots ( upper left) and confidence intervals on the mean ( upper right), which give 
only limited information on the density distribution of the data; histograms ( bottom) illustrating 
the density distribution of intraspecific variation; note that not all specimens pass the normality test 
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and multimodality (Sanvicente-Añorve et al. 2003). A beanplot (Fig. 9.20, 9.21) 
is a combination of a 1-D scatterplot and a density trace (Kampstra 2008). In the 
1-D scatterplot, each measurement is represented by a line, which makes it easy to 
spot outliers. If multiple measurements have the same value, the individual lines 
are added together increasing the length of the line. Beanplots also clearly show 
whether values are rounded or discontinuous. An alternative to the beanplot is the 
violin plot (Fig. 9.21), which is a combination of a box plot and a kernel density 
plot. It is probably best to investigate the frequency distribution and multimodality 
of ammonoid shell characters by combining several methods (Fig. 9.21).
Testing for a normal distribution is not only important to see if the sample is ho-
mogenous and that specimens might belong to the same species, but also for further 
Fig. 9.19  Comparison of density distributions between two taxa using histograms over various 
size classes (modified from De Baets et al. 2013a)
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statistical analyses as many (parametric) statistical tests assume a normal distribu-
tion (e.g., Hammer and Harper 2006; Monnet et al. 2010). Distribution-free or non-
parametric statistical methods exist, but they often have a lower statistical power 
than parametric ones (Hammer and Harper 2006). For the purposes of analysis, a 
normal distribution can also be achieved by conducting various transformations of 
the raw data (e.g., Bert 2013). Although normal distribution determines the types of 
Fig. 9.20  Comparison of density distributions between two taxa using beanplots over various size 
classes. Note the unimodal distribution of the group in grey, while the second group shows a poly-
modal distribution, which might be due to a low sample size (modified from De Baets et al. 2013a)
 
Fig. 9.21  Comparisons of a bimodal distribution using a boxplot (density distribution in the back 
for comparison), violin plot and beanplots (all graphs produced with R using packages UsingR, 
Vioplot and Beanplot)
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statistical methods that can be applied to the data and is expected for “biological” 
species, ammonoid species often deviate from normality “simply” by allometric 
changes and/or adult morphological changes (see e.g., Monnet and Bucher 2005; 
Fig. 9.18) and it is therefore not a strict prerequisite.
Bivariate methods are useful to test correlations between two parameters or to 
see changes in particular characters during growth by plotting the character against 
the diameter or another measure (e.g., De Baets et al. 2013a; Bert 2013; Fig. 9.9). 
Linear relationships between two parameters can be tested with a Pearson cor-
relation coefficient (Pearson 1901) and non-linear monotonic correlations with a 
Spearman rank correlation coefficient (Spearman 1904; compare Sprent 1989). The 
relationship between two parameters can also be evaluated by fitting a model to 
the data. The model is often linear (e.g., Type I regression, reduced major axis re-
gression) but need not be; for instance, exponential and logarithmic models may 
be more biologically appropriate. Analysis of residuals (that is, deviations from the 
fitted model) can reveal changes in the degree of variation that exists at different 
shell sizes.
9.9.2  Multivariate Methods
Often with ammonoids several different measurements are taken from one speci-
men and to study the collected data simultaneously requires multivariate methods. 
With the increasing power of computer processors that allows analysis of very large 
datasets, multivariate statistics have become indispensable analytical tools in pale-
ontology. Multivariate techniques can be considered as an extension of univariate 
and bivariate techniques into multidimensional space, and many univariate and bi-
variate tests have multivariate analogs (Hammer and Harper 2006). The purpose of 
many multivariate approaches is similar to that of uni- and bivariate ones, involving 
the description and comparison of samples. However, multivariate data analysis can 
also be used for the exploration and visualization of complex data.
Many workers have used multivariate techniques to analyze morphometric 
data in ammonoids (e.g., Thierry 1978; Reyment and Kennedy 1991, 1998, 2000; 
Kassab and Hamama 1991; Hohenegger and Tatzreiter 1992; Reyment and Minaka 
2000; Reyment 2003, 2004, 2011; Kennedy et al. 2009; Bert 2013; see Hammer 
and Harper 2006 for a more general review). Some of these methods have helped 
to discriminate species in ammonoids, to investigate overlap of morphological vari-
ants and intraspecific variation (including dimorphism) in specimens from a single 
locality and stratigraphic interval, or to understand how the morphological diver-
sity of a sample is structured and how it is located with respect to other samples 
(e.g. factorial planes; the concept of morphological space of Neige et al. 1997b). 
It is also possible to avoid bias due to taxonomic classifications and analyze shape 
disparity among specimens directly (morphodiversity), through the use of shape 
parameters or landmarks (geometric morphometric analysis: see e.g., Neige and 
Dommergues 1995; Reyment and Kennedy 1991, 1998). For ammonoids, Saunders 
4059 Ammonoid Intraspecific Variability
and Swan 1984 as well as Swan and Saunders 1987 performed some of the earliest 
morphospace analyses using ordination techniques (although these have sometimes 
been criticized: see Reyment and Kennedy 1991). Multivariate analysis can be a 
powerful tool for interpreting shape changes in terms of variability, evolution or 
paleoecology.
Using multivariate methods does require selecting appropriate data transforma-
tions and standardizations (Kenkel 2006). An appropriate multivariate analytical 
strategy should take into account the statistical relevance, data structure and the 
objectives of the study. Therefore, before proceeding with a formal multivariate 
analysis, it is important to complete a detailed exploratory analysis of the data (e.g. 
univariate and bivariate analysis).
Many multivariate analyses are rooted in ordination techniques. Ordination re-
duces a multivariate dataset to fewer, uncorrelated axes that capture most of the 
variation contained in the original data (Hammer and Harper 2006; Kenkel 2006). 
The ordination results can then be used to assess the relative contribution of each 
variable to each axis and to the overall variance structure of the data. In other terms, 
ordination gives an image (a morphological map) of the total measured variation of 
a sample, depending on the characters selected, and gives a summative model of the 
underlying data structure, by means of a projection of a point cloud of n-dimension-
al space onto a biplot (e.g., two-dimensional space defined by the first two ordina-
tion axes). Ordination methods actually used in biology are derived from Pearson’s 
Factorial Analysis (Pearson 1901). The classical Principal Components Analysis 
(PCA, see Jolliffe 2002 for a review; compare Bert 2013) is one of the multivariate 
ordination methods most often applied to ammonoids (e.g., Reyment and Kennedy 
1991; Kassab and Hamama 1991; Reyment and Minaka 2000; Reyment 2004; Bert 
2013). Its purpose is to describe the total variance of a sample with the smallest 
possible number of factors, taking into account all the variables. Therefore, the PCA 
identifies the axes of maximum variance (the principal components, PC) in order to 
preserve as much variance as possible through the data compression process. With 
measurement data, the first axis (PC1), which contains the largest portion of the 
overall variation in the data, is typically interpreted as capturing variation in size, 
while the other axes express variation in shape (Hammer and Harper 2006). The 
specimens can then be projected onto a biplot, typically of PC1 vs. PC2, PC1 vs. 
PC3 or PC2 vs. PC3, with a minimum of distortion, so that two individuals that are 
similar morphologically will fall close to each other in the projected point cloud. 
The convex hulls (i.e., the limits of the point cloud) produced correspond to the oc-
cupation of the morphological space of the sample.
Disparity between several samples (or individuals) can be tested using analysis 
of similarity methods (one-way ANOSIM, MANOVA, etc: compare Hammer and 
Harper 2006; Bert 2013), which are based on comparing a measure of distance 
between groups with distances within groups. Here the homoscedasticity of the 
variable and the normal Gaussian distribution of the data (depending on the meth-
od) have to be tested. The results are given in a matrix of probability and graphically 
investigated also by ordination methods such as Canonical Variate Analysis (CVA: 
Ter Braak 1986; see Reyment 1998, 2003 for examples) or Discriminant Analysis 
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(Fisher 1936; see Hohenegger and Tatzreiter 1992 for an example), which closely 
resembles PCA but produces factors (axes) that capture the maximum difference 
(instead of maximum variance for PCA) between predefined groups (e.g., species) 
and can help identify variables (characters), which contribute to these differences. 
These methods can be used, for example, to test for the presence of significant mor-
phological differences between samples. Other methods are also available to isolate 
deviating specimens (ecomorphs) in a genetically homogeneous sample (compare 
Reyment 2004).
Despite their effectiveness, one of the main problems with multivariate analyses 
is that, as with most other statistical methods, they loose robustness with decreasing 
sample size. Hence, large samples are required as much as possible. This critical 
threshold is usually set to at least 32 specimens (see Tintant 1963; Bert 2013), which 
could be problematic when abundant and well-preserved material is scarce. When 
the sample is small, the risk is also high that the specimens studied do not represent 
the full range of variation of the whole population. This issue is however less prob-
lematic when the statistics are used only for a comparative and/or graphical purpose 
(Reyment and Kennedy 1991). Multivariate ordination methods also involve some 
loss of information, which in practice will likely not hamper the analysis. However, 
if the percentage of total variance explained by the first few ordination axes is low 
(< 70–90 % depending on the analysis and the number of first “few” ordination axes 
retained for the analysis; see Joliffe 2002; Bert 2013), special caution is needed 
when analyzing the results. Another source of error lies with imperfections in the 
data, such as the inclusion of aberrant specimens or specimens with measurement 
errors that can produce misleading results. Such outliers have to be detected with 
other methods (e.g., a bivariate analysis is usually sufficient) and removed before 
the analysis. Problems with the data can also occur with the choice of the variables 
included into the analysis. Of particular concern is the inclusion of redundant char-
acters. While it is impossible for all morphometric variables to be independent of 
each other (i.e., uncorrelated), if only because most measurements increase with 
size, efforts should be taken to minimize the redundancy of the variables so that 
certain aspects of shell form are not overemphasized in the resulting data set.
9.9.3  Comparing the Range of Intraspecific Variation
In order to understand and interpret morphological variation within ammonoid spe-
cies, it is useful to quantify and compare the range of intraspecific variation among 
different samples or species. We will focus here on continuous variation (alternative 
methods are available for discrete variation that cannot be approximated by con-
tinuous distributions: Van Valen 2005). Extreme values (e.g., minima and maxima) 
are very sensitive to sample size, as is the total range of variation, so these metrics 
should be avoided in most cases unless sample sizes are high. The robustness of 
extreme values can be assessed by bootstrapping under conditions of different sam-
pling densities (Monnet et al. 2010). The variance and its square root, the standard 
deviation, are most suitable for comparing intraspecific variation in single variables. 
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The standard deviation is usually divided by the mean or “normalized” to obtain the 
coefficient of variation (CV). The coefficient of variation is a relative measure and 
should always be used “when the mean differs enough to matter” (Van Valen 2005). 
The CV is commonly used to compare the range of variation in ammonoids (e.g., 
Neige 1997; Parent 1998; Rouget and Neige 2001; Joly 2003; Tanabe et al. 2003; 
Yacobucci 2004a; De Baets et al. 2013a). It has the advantage that the range of 
variation of different characters and taxa can be directly compared with one another 
(e.g., De Baets et al. 2013a; Fig. 9.22). It can also be generalized for multivariate 
cases (Van Valen 1978, 2005). Van Valen (2005) reviewed the statistics of variation 
and suggested Levene’s test (Levene 1960), Smith’s Test (published in Grüneberg 
et al. 1966) and jackknifing (Arvesen and Schmitz 1970; Miller 1974; Bissell and 
Ferguson 1975), which can be used to compare absolute and relative variation, to 
be most suitable, depending on the situation (Van Valen 1978, 2005). He advised 
against using the classical F-test for the equality of variances as it is very sensitive 
to non-normality (Van Valen 2005).
A problem related to the pronounced variation seen in ammonoids is that succes-
sive faunas separated in time or contemporary faunas separated in space can only 
be compared on the basis of the mode and range of intraspecific variation within 
populations (Reeside and Cobban 1960; Kennedy and Cobban 1976; Dagys 2001; 
De Baets et al. 2013a; Fig. 9.23). This might also lead to small samples of intergrad-
ing populations, which can be considered to belong to different taxa, obscuring the 
synchronicity and identity of faunas (Kennedy and Cobban 1976). When only one 
specimen is available, it makes no sense to test if the mean of this population differs 
significantly from that of another population. Some approximate this by testing if 
Fig. 9.22  Comparisons of the coefficient of variation of various characters between six ontoge-
netic (size) classes and two taxa (Anetoceras obliquecostatum and Erbenoceras solitarium, Early 
Devonian (modified from De Baets et al. 2013a)
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the measurement falls in the 95 % range of that of the other population, which is 
actually a different question, or by assuming that the variance of one population is 
similar to that of the other, in which case the problem is reduced to comparing the 
means of both populations (Van Valen 2005). To accurately capture this variation, 
a sufficient number of specimens (> 32: Tintant 1963, Bert 2013) needs to be col-
lected from an interval restricted in time and space, which might also depend on 
Fig. 9.23  Intraspecific variation and relative proportion of forms within four successive species 
of the Early Cenomanian hoplitid ammonoid Neogastroplites (modified from Kennedy and Cob-
ban 1976: with permission from the authors). As first documented by Reeside and Cobban (1960), 
specimens recovered from single concretions within the Mowry Shale of the American Western 
Interior show extreme variation in shell shape and ornamentation. Reeside and Cobban (1960) 
subdivided this continuum of variation into three morphs, whose relative proportions vary from 
species to species. Sample sizes per concretion used to calculate percentages: N. haasi, N=333; N. 
cornutus, N=2471; N. muelleri, N=3708; N. americanus, N=1286. Specimen photos from Reeside 
and Cobban (1960):  N. haasi from USGS Mesozoic Locality 24566: compressed, USNM 129308 
(Plate 11, Fig. 4, 6); stout nodose, AMNH 28098:11 (Plate 13, Fig. 14, 15); subglobose spinose, 
AMNH 28095:25 (Plate 15, Fig. 12, 15). N. cornutus from USGS Mesozoic Locality 23021: com-
pressed, USNM 129320a (Plate 5, Fig. 1, 2); stout nodose, USNM 129320f (Plate 5, Fig. 16, 17); 
subglobose spinose, USNM 129320n (Plate 5, Fig. 40, 41). N. muelleri from USGS Mesozoic 
Locality 24065: com-pressed, USNM 129416f (Plate 6, Fig. 16, 17); stout nodose, USNM 129416j 
(Plate 6, Fig. 28, 29); subglobose spinose, USNM 129416q (Plate 6, Fig. 49, 50). N. americanus 
from USGS Mesozoic Locality 23042: compressed, USNM 129528a (Plate 7, Fig. 1, 2); stout 
nodose, USNM 129528f (Plate 7, Fig. 16, 17); subglobose spinose, USNM 129528l (Plate 7, Fig. 
34, 35)
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the amount of variation observed within the population. If intraspecific variation is 
studied through ontogeny, a sufficient number of specimens needs to be available 
for each ontogenetic stage or size class that shall be used (De Baets et al. 2013a; 
Fig. 9.20, 9.22), which might mean a prohibitively large sample is required.
9.10  Conclusions and Future Perspectives
Intraspecific variation in shell shape, ornamentation, size and suture line is quite 
common in ammonoids and can in some cases be larger within a single fossil assem-
blage than differences in morphology over space and/or time within these lineages. 
Some authors, like Lehmann (1990, p. 23), have stated that intraspecific variation in 
ammonoids does not follow general laws or rules, but it is evident from our review 
that many ammonoid workers agree that at least some generalizations or recurrent 
patterns can be recognized. Nevertheless, the type and degree of intraspecific varia-
tion can be highly different from taxon to taxon, which is not unexpected consider-
ing the large differences in shell shape of ammonoids and intraspecific variation in 
extant cephalopods. Two main types of intraspecific variation are commonly recog-
nized, which are not necessarily mutually exclusive:
• Continuous intraspecific variation in shell shape, ornamentation, suture line and 
size and
• Discontinuous intraspecific variation in the above mentioned aspects (dimor-
phism and polymorphisms).
Continuous intraspecific variation has mainly been studied from the perspective of 
covariation between shell shape, ornamentation and more rarely studied more often 
lines as well as the perspective of variation in ontogenetic development. The few 
studies using a large amount of material and employing quantitative methods have 
particularly focused on Mesozoic coiled ammonoids showing extensive ranges of 
intraspecific variation (e.g., Reeside and Cobban 1960, Dagys and Weitschat 1993b; 
Checa et al. 1996; Morard and Guex 2003; Weitschat 2008; Monnet et al. 2010), 
but a large range of intraspecific variation also seems to be present in at least some 
Paleozoic taxa (e.g., Klug and Korn 2007; De Baets et al. 2013a) and Mesozoic 
heteromorph ammonoids (e.g., Bert 2013; Knauss and Yacobucci 2014).
The presence of discrete morphologies within a species in the form of intraspe-
cific sexual dimorphism and non-sexual polymorphism has been suggested based 
on polymodal distributions in shell shape, ornamentation and/or size in late and/or 
early ontogeny in contemporary specimens. Nevertheless, studies show that the pa-
leoenvironment (Wilmsen and Mosavinia 2011), taphonomic biases (Tintant 1980) 
and undersampling (De Baets et al. 2013a) can also lead to polymodal density distri-
butions in forms of the same age and region with continuous intraspecific variation.
Heritable (genetic) variation is the raw material for evolution, but a larger part 
of the intraspecific variation seen in ammonoids might be related to differences 
in growth rates and ontogenetic trajectories (Urdy et al. 2010a, b). The large in-
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traspecific variation documented in many ammonoids might have had a partially 
intrinsic component, but a large part might be linked with the interplay between 
developmental and environmental parameters. This is corroborated by the range of 
intraspecific variation in size and shell morphology observed at the same localities 
and between different paleoenvironments and regions. The large range of intraspe-
cific variation within and between ammonoid populations has typically led to an 
artificial inflation of diversity (oversplitting) by using strict typological approaches. 
But mixing together specimens from different regions and ages (analytical time-
averaging) can also lead to an artificial deflation of diversity (lumping). Intraspe-
cific variability is often not properly taken into account or quantitatively analyzed, 
which is detrimental not only to systematic and evolutionary studies, but also to 
biostratigraphic, biogeographic and diversity studies.
Intraspecific variability in Paleozoic and heteromorph taxa as well as Mesozoic 
coiled taxa showing little intraspecific variation should be quantitatively studied 
more often to better understand the type and range of intraspecific variation as well 
as possible relations with shell morphology. Previous studies can also be further 
refined when more material, more ontogenetic stages or a finer stratigraphic frame-
work becomes available. Various statistical methods are available and easily acces-
sible through free software (PAST: Hammer et al. 2001; The R Project for Statistical 
Computing: http://www.r-project.org/), which makes it possible to analyze inter-
population and intrapopulation variation within ammonoid species quantitatively. 
New approaches to quantifying morphological variation that are rooted in spatial 
statistics can also be applied to many ammonoid groups (Manship 2004, 2008; Ya-
cobucci and Manship 2011; Knauss and Yacobucci 2014). A better understanding of 
the types and drivers of intraspecific variation in ammonoids can only be achieved 
by quantitative analyses of numerically large samples from a wide variety of ages, 
paleoenvironments, geographic areas, taxa and shell morphologies.
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